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 Abstract
Zinc oxide is a II–VI semiconductor with considerable potential for optoelectronic and 
power–electronic applications in the UV spectrum, due to its wide direct band gap (3.35 eV at 
300 K), high exciton binding energy (60 meV), high melting point, and excellent radiation 
hardness. A key requirement for many device applications is the consistent production of high 
performance Schottky contacts. Schottky contact formation to n-type ZnO was investigated via 
systematic studies into the relative performance of different metal and metal oxide Schottky 
contacts to hydrothermal and melt grown, bulk ZnO. The results of these studies can be 
explained by the dominating influence of two key mechanisms in the formation of high quality 
contacts: 
(a)   the removal of the natural hydroxide termination of ZnO and the associated 
surface accumulation layer, and 
(b)    the minimisation of process induced oxygen vacancies which tend to pin 
the barrier height of ZnO Schottky contacts in the 0.6 – 0.8 eV range.
These investigations also led to the discovery of a new technique for the consistent 
production of high quality ZnO Schottky contacts, using the deposition of metal oxide films in 
reactive oxygen ambients. Specifically, silver oxide, iridium oxide, and platinum oxide films 
were used to consistently produce highly rectifying, very low ideality factor Schottky contacts 
to bulk ZnO, with figures of merit significantly better than those published in the literature.
In addition, a number of previously unreported, surface polarity related effects were 
discovered in the electrical and optical properties of ZnO, which increase in magnitude with 
decreasing carrier concentration of the ZnO material. For example, metal oxide Schottky 
contacts fabricated on the Zn-polar surface of hydrothermal ZnO have significantly higher 
barrier heights than those on the O-polar surface, and low temperature (4 K) 
photoluminescence emission, from free excitons and excitons bound to ionised donors, is also 
significantly stronger from the Zn-polar face of the same material. These effects are thought to 
be related to the large spontaneous polarisation (–0.057 Cm-2) of ZnO, and indicate that surface 
polarity is an important variable when comparing experiment results with theoretical models, 
and in the future design of ZnO based devices.
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1Chapter 1
Zinc Oxide
1.1   INTRODUCTION
Zinc oxide (ZnO), known by the synonyms chinese white, zinc white, flowers of zinc, and 
philosopher's wool, is a versatile, non-toxic compound that plays an important role in a wide 
range of industrial processes and commercial products. In 2004, worldwide usage of ZnO was 
approximately 1 million tonnes; the largest consumers were the glass and ceramics industries 
where it is used as a fluxing agent [1]. ZnO is also an important chemical in rubber production 
due to its efficient activation of the vulcanization process and for imparting improved heat 
conductivity and anti-aging properties to finished products.
ZnO has a very low toxicity, combined with antibacterial and fungi static properties. 
Topical ZnO ointments and creams are used to treat minor skin irritations such as nappy rash, 
burns and abrasions. Calamine lotion is made from a mixture of ZnO with approximately 0.5% 
iron (III) oxide. In chinese herbal medicine, ZnO is referred to as “Lu-Gan-Stone” in the 
famous 52 volume medical compendium Ben Cao Gang Mu written by Song Ying Xing in the 
Ming Dynasty (1378 - 1644) [2]. In powder form, it is a powerful whitening agent in 
pharmaceuticals, cosmetics, and paints. It is found in many types of sunscreen due to its high 
refractive index and its ability to absorb broad spectrum UVA and UVB radiation. ZnO is 
added to breakfast cereals, dietary supplements and agricultural feeds as a source for the 
essential nutrient zinc.
ZnO occurs naturally as the mineral zincite which can be quarry mined or manufactured 
synthetically. Most of the world's ZnO is manufactured via the French process whereby 
metallic zinc vapor is burned in a combustion chamber, producing agglomerated ZnO particles 
with an average size of greater than 100 nm. Recently, this process has been modified to 
produce micron length, needle shaped nanostructures with average diameters of 30 – 40 nm 
which enhances their chemical activity and antibacterial properties [1]. This nanoscale ZnO 
also develops an efficient deodorant action, thought to be due to its ability to react rapidly with 
ammonia molecules in the body or environment [2].
2 CHAPTER 1 ZINC OXIDE
ZnO was first used as a semiconductor in the early days of radio detection at the beginning 
of the 20th century with zincite crystals providing a rectifying junction with either a thin metal 
wire in a cat’s whisker (point contact) arrangement, or with the mineral chalcopyrite in a 
combination known as a Perikon detector. The green luminescence properties of ZnO 
phosphors have been known for over 100 years and have recently regained renewed interest for 
use in low voltage field emission displays. In the past 30 years, ZnO ceramic varistors with 
Bi2O3 additives have been widely used to protect electronic circuits and power distribution 
lines from destructive voltage levels induced by lightning impulses or switching surges. The 
highly nonlinear current-voltage characteristics (similar to back-to-back Zener diodes) of these 
devices is due to the cumulative effect of many potential barriers at the grain boundaries of the 
polycrystalline ZnO material.
Zinc oxide has a unique set of semiconductor properties: a wide band gap (3.35 eV at 300 
K), a high free exciton binding energy (60 meV), excellent radiation hardness, and high 
spontaneous and piezoelectric polarizations. It has a low toxicity and is relatively cheap. As a 
result, it is currently the subject of an intense worldwide research effort towards high 
performance semiconductor devices such as:
1)   high efficiency UV light emitting diodes and laser diodes for the lighting 
and communications industries,
2)   high temperature power diodes and field effect transistors for harsh enviro-
nents and space applications,
3)   UV detectors for imaging and medical research,
4)   nanoscale electrical generators, and
5)   transparent conducting electrodes for flat panel displays and solar cells.
This has resulted in a dramatic increase in ZnO related research publications (Figure 1.1) and 
funding, whose sustainability largely depends on a breakthrough in the p-type doping of ZnO. 
Like many wide band gap semiconductors, ZnO exhibits a potentially serious doping 
asymmetry [1, 4]. As grown, ZnO is intrinsically n-type and can be extrinsically n-doped to the 
point of becoming a transparent conducting oxide (TCO), whereas p-type ZnO with sufficient 
hole mobility for device production has yet to be realised. The problem appears to be that 
p-type dopants in ZnO form deep acceptor levels while encouraging the formation of 
compensating defects. In the worst case of high quality p-type ZnO being unattainable, recent 
advances in Schottky contact formation, including those described in this thesis, should allow 
the development of devices 2 – 4 from the above list, while the development of TCOs can also 
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be achieved without the need for p-type material. In the more optimistic case, the same 
advances in high quality Schottky contacts to n-ZnO will be important in the design of device 
grade, ohmic contacts to p-type material.
1.2   ZINC OXIDE AS A SEMICONDUCTOR
Zinc oxide is a highly functional wide band gap semiconductor with a direct band gap of 
3.35 eV at room temperature, with photons emitted from band to band transitions having 
energies in the UVA spectrum (Figure 1.2).
There many excellent reviews of the semiconductor properties of ZnO [5-10] which 
describe its electronic band structure, lattice parameters, bulk carrier transport, optical 
properties, defects, doping, band gap engineering, and the progress towards device fabrication. 
Table 1.1 gives a comparison of the basic semiconductor properties of ZnO compared to those 
Figure 1.1: ZnO publications per year since 1940 (Source: Scopus™ search engine, search parameters 
“ZnO” OR “Zinc Oxide” in article title; April 12, 2008).
Figure 1.2: Band gaps of selected semiconductors and associated photon wavelengths for band-to-band 
transitions.
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of GaN, the most successful wide band gap semiconductor in terms of commercial device 
applications.
ZnO has similar properties to GaN, a multi-billion dollar technology in the lighting 
industry for the production of blue, ultraviolet and white light emitting devices. ZnO has 
several potential cost advantages over GaN, such as the availability of wet chemical etching, 
the ability to grow high quality bulk single crystal substrates, and the simpler, lower 
temperature growth of thin films. Most significantly ZnO has a much larger exciton binding 
energy, which should lead to brighter light emission and exciton-recombination UV lasing at 
room temperature. However, breakthroughs in the production of p-type GaN using Mg doping 
were achieved in 1990s while high quality p-type ZnO has yet to be realised.
1.2.1   Unresolved Issues
Despite the exponential increase in ZnO based research over the past 20 years, there are 
still a number of fundamental issues that have yet to be satisfactorily resolved:
1)   Intrinsic n-type conductivity of ZnO – specifically the relative importance of 
intrinsic defects (such as zinc interstitial and oxygen vacancies) and uninten-
tionally introduced impurities (in particular H, Al, Ga, In, and Fe) in deter-
mining the electrical properties of “undoped” ZnO.
Table 1.1: Comparison of semiconductor properties of ZnO with those of GaN, its principal 
competitor as a wide band semiconductor [5-10].
Semiconductor ZnO GaN
band gap (300 K) 3.35 eV 3.39 eV
crystal structure wurtzite wurtzite
lattice constants (300 K) a = 0.3250 nmc = 0.5205 nm
a = 0.3189 nm
c = 0.5185 nm
melting point 2250 oC 2770 oC
dislocation density < 104 cm-2 > 106 cm-2
electron mobility (300 K) 200 cm2V-1s-1 1000 cm2V-1s-1
exciton binding energy 60 meV 25 meV
spontaneous polarisation -0.057 Cm-2 -0.029 Cm-2
breakdown voltage 5.0 x 106 Vcm-1 5.0 x 106 Vcm-1
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2)   Green defect-band luminescence of undoped ZnO – candidates include 
donor – acceptor pair transitions involving oxygen and zinc vacancies, and 
copper impurities; however no conclusive evidence has yet been found 
which would enable a definite assignment.
3)   Surface conductivity – ZnO has a highly active chemical and electrical sur-
face, which has been widely used in gas sensing and catalytic processes. 
Since the 1960s it has been known that the presence of adsorbates such as 
oxygen, hydrogen, and water vapour can significantly change the band bend-
ing and electrical properties near the surface [11]. However, the adhesion 
chemistry and charge transfer behind these changes is not fully understood.
4)   Schottky contact formation – due to its wide band gap, the formation of 
Schottky contacts to ZnO should be relatively straightforward. However, 
despite more than 50 years of effort, an agreed methodology (and a theoreti-
cal description) for the consistent fabrication of high quality Schottky con-
tacts to ZnO is lacking.
The principal aim of this thesis is to progress the understanding of Schottky contact formation 
to ZnO, however this has necessarily involved a consideration of the other three unresolved 
issues.
1.2.2   Crystal Structure
Zinc oxide crystallizes in the hexagonal wurtzite structure (Figure 1.3a), defined by the a
and c axes. This structure consists of two interpenetrating hexagonal close packed (hcp) 
sublattices, one for each type of atom, which are offset with respect to each other along the 
c-axis by the parameter u, which is defined as the length of the Zn–O bond along the c-axis in 
units of c. From Figure 1.3(a), u = 1.992/5.206 = 0.382 which represents a relaxation of the Zn 
and O atoms from the ideal wurtzite value of u = 3/8 = 0.375 [12]. Each oxygen atom is 
tetrahedrally co-ordinated to four zinc atoms and visa versa, which is typical of sp3 covalent 
bonding, but each Zn–O bond also has a substantial ionic character. This creates a permanent 
electric dipole in each elementary tetrahedral unit, which results in a large macroscopic 
spontaneous polarisation of -0.057 Cm-2 [13].
ZnO is at the borderline between ionic and covalent classification with an ionicity of 39% 
[14] and is treated as an ionic oxide by catalytic chemists. The ZnO structure [Figure 1.3(b)] 
can be considered as a series of alternating planes of Zn and O atoms with the stacking 
sequence AaBbAa along the c-axis. Cleaving the crystal perpendicular to the c-axis results in 
two structurally different surfaces with three fold co-ordination: the Zn-polar (0001) surface 
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which consists of an entire outer plane of Zn atoms and an O-polar (0001) surface with an outer 
plane of O atoms. The non-polar m-plane (1100) and a-plane (1120) surfaces are energetically 
more favourable, consisting of a mixed termination of an equal number of Zn and O atoms 
arranged in rows of Zn–O dimers.
Figure 1.3: ZnO Wurtzite structure: (a) 3 dimensional view and (b) 2 dimensional projection along 
the[1120] direction.
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1.2.3   Bulk Crystal Growth
ZnO oxide has the outstanding advantage of the commercial availability of the bulk 
grown single crystal wafers, which have significantly lower dislocation densities than the best 
GaN or SiC material. These wafers are produced by the following methods:
1)   Seeded Chemical Vapour Growth [15] — sublimation of polycrystalline 
ZnO precursor material and deposition onto a seed crystal.
2)   Melt Growth [16] — radio frequency induction melting and subsequent 
cooling of the ZnO precursor material in a cold wall crucible with an over-
pressure of oxygen [Figure 1.5(a)].
3)   Hydrothermal Growth [17] — ZnO precursor material dissolved in an aque-
ous solution of LiOH and KOH mineralisers and placed in a platinum lined, 
steel autoclave. Crystallisation takes place at approximately 300oC and a 
pressure of 80 MPa onto a seed crystal [Figure 1.5(b)].
In most semiconductor systems, such as Si and GaAs, bulk grown wafers are used as 
templates for the lattice matched growth of higher quality thin films by techniques such as 
molecular beam epitaxy, pulsed laser deposition, and chemical vapor deposition. However, at 
the present time, bulk grown wafers provide the best available ZnO material in terms of 
Figure 1.4: The non-polar a-plane (1120) and m-plane (1100) faces of wurtzite ZnO.
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crystallinity, surface morphology, and electron mobility. Due to the very low thermal gradients 
present during growth, hydrothermal ZnO has the highest crystallinity and lowest dislocation 
density. It also tends to have a higher extrinsic impurity concentration, from the incorporation 
of Li and Na from the LiOH and NaOH mineralisers used to dissolve the ZnO precursor 
material. These group I impurities are acceptors which suppress the carrier concentration of 
hydrothermally grown ZnO by 2 – 3 orders of magnitude. The availability of a range of high 
quality, bulk ZnO material with similar mobilities but large differences in carrier concentration 
is very useful, as it allows the effect of carrier concentration on the electrical and optical 
properties of ZnO to be investigated.
1.3   THESIS OUTLINE
In this thesis, single crystal, bulk wafers, grown using the hydrothermal and melt 
techniques were used to investigate the formation of Schottky contacts to ZnO and to develop 
a new technology for the consistent production of high quality rectifying devices. Melt grown 
wafers were obtained from Cermet Inc., Atlanta, Georgia, (USA), and the hydrothermally 
grown material was purchased from Tokyo Denpa Co. Ltd., Tokyo, (Japan). A comparison of 
their properties is given in Table 1.2. Both these types of bulk ZnO provide consistent, high 
quality, baseline material allowing systematic studies of Schottky contact formation to be 
carried out.
Figure 1.5: Schematic illustration of (a) melt, and (b) hydrothermal growth of bulk ZnO crystal boules 
[16,17].
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Chapter 2 provides the theoretical background to Schottky contact formation and a 
comparison of the competing theoretical descriptions: the Schottky–Mott, Metal Induced Gap 
States, Chemical Bond Polarisation, and Induced Defect models. Schottky contact formation 
takes place on the semiconductor surface, which is complex in nature, containing electronic 
states which are often significantly different from those in the semiconductor bulk. Chapter 3 
investigates the nature of the ZnO surface, using atomic force microscopy, x-ray 
photoemission microscopy, photoluminescence microscopy, and variable magnetic field Hall 
effect measurements. The dependence of surface properties on crystallographic orientation is 
also established.
Historically, the most effective way to investigate Schottky contact formation to other 
semiconductors has been to compare the properties of contacts fabricated using different 
metals with a range of work functions. This is done for ZnO in Chapter 4, via a number of 
systematic experiments into the variation of ZnO Schottky contact performance over a range 
of Schottky metals. These experimental results are compared against the predictions of the 
theoretical models introduced in Chapter 2. The most significant finding of Chapter 4 was the 
improved performance of oxidised silver Schottky contacts. A detailed investigation of this 
effect is carried out in Chapter 5, in which the discovery of the superior rectifying performance 
of metal oxide Schottky contacts fabricated in reactive oxygen ambients is presented.
During the course of the investigations into Schottky contact formation, a number of 
previously unreported, surface polarity related effects were observed. These are described in 
Chapter 6 and compared with two contrasting theoretical descriptions: the spontaneous 
polarisation and ionic models. Chapter 7 presents a new theoretical description of Schottky 
Table 1.2: Comparison of single crystal, bulk ZnO grown using the hydrothermal [Tokyo Denpa 
Co. Ltd (Japan)] and melt [Cermet Inc. (USA)] techniques [16,17].
Hydrothermal ZnO Melt ZnO
growth temperature 300 – 400 oC > 1975 oC
growth rate 1 mm/day 1-5 mm/hr
X-ray rocking curve 8 arcsec FWHM 30 arcsec FWHM
free electron concentration 
(300 K) 1013 – 1014 cm-3 1016 – 1017 cm-3
electron mobility (300 K) 200 cm2V-1s-1 200 cm2V-1s-1
resistivity (300 K) 3000 – 300 Ωcm 3 – 0.3 Ωcm
etch pit density ~ 300 cm-2 ~ 104 cm-2
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contact formation to ZnO, in which the density of interfacial oxygen vacancies determines the 
degree of Fermi level pinning of the resulting Schottky contact. The ability of this model to 
explain the results contained in this thesis and those in the literature is discussed.
Finally Chapter 8 is a review of the main conclusions of this thesis and an outline of the 
future work needed.
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Chapter 2
Schottky Contact Models
This chapter introduces the concept of Schottky contacts between metals and 
semiconductors, explains the ‘figures of merit’ of contact performance, describes how these 
can be determined, and how different current transport processes can be identified. Various 
models of Schottky contact behaviour are introduced which make different assumptions 
concerning the nature of the interaction between the metal and the semiconductor.
2.1    INTRODUCTION
Schottky diodes are essentially the most simple of devices consisting of two types of 
metal contact to a given semiconductor: a rectifying (Schottky) contact and a non-rectifying 
(Ohmic) contact. However, despite more than half a century of concerted effort, the 
fundamental mechanisms governing Schottky contact formation are still not fully defined and 
remain the subject of ongoing debate. This is largely due to the complex nature of 
semiconductor surfaces, which have reconstructed features and a higher density of unsatisfied 
(dangling) bonds compared to the semiconductor bulk. Semiconductor surfaces are also prone 
to contamination by either the physisorption or chemisorption of external adsorbates such as 
carbon, water vapour, and oxygen molecules.
2.2    SCHOTTKY CONTACT FORMATION
The rectifying effect of metal – semiconductor contacts was first discovered by Braun 
[18] in 1874, who observed one-way conduction in a galena (lead sulfide) crystal when 
contacted by a thin metal wire. This arrangement is known as a point rectifier and found 
widespread use in early crystal radio receivers. Point rectifiers have a low capacitance, which 
is important for radio detection, but have poor rectification and early reverse breakdown due 
to electric field crowding near the sharp contact. Most modern Schottky diodes use larger area 
(10 µm - 1 mm diameter) contacts fabricated using a variety of techniques, such as thermal 
evaporation, electron beam evaporation, sputtering, and pulsed laser deposition, usually in high 
vacuum conditions to avoid oxidation of the metal.
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2.2.1   The Schottky-Mott Model
Schottky barrier formation was explained by Schottky [19] and Mott [20] in 1938 in terms 
of a space charge region on the semiconductor side of the contact which is depleted of majority 
charge carriers. The Schottky – Mott model assumes no interaction of any kind between the 
metal and the semiconductor. Since the respective Fermi levels of any two solids in contact 
must be the same in thermal equilibrium, the Schottky barrier is created by the redistribution 
of electric charge between the metal and semiconductor as their respective Fermi levels 
equalise. This process is shown in Figure 2.1 for a metal of work function φM immediately 
before and after contact with an n-type semiconductor of electron affinity χs.
Before contact, the Fermi levels of the metal and semiconductor, referenced to the 
vacuum level, are φM and χs + ξ respectively, where ξ is the energy difference between the 
bottom of the conduction band (EC) and the Fermi level (EF). On contact, electrons flow from 
the semiconductor to the metal until the Fermi levels line up, leaving behind a depletion region 
of positive space charge in the semiconductor. The density of states at the metal Fermi level is 
so high that the transfer of charge from the semiconductor causes negligible change in its 
position. Hence, the depletion region lies in the semiconductor only.
In the absence of interface states, the Schottky barrier height is simply the difference 
between the work function of the metal and the electron affinity of the semiconductor,
 . (2.1)
Figure 2.1.   Schottky contact formation for an n-type semiconductor.
ΦB φM χS–=
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The width of the depletion region Wd can be determined by applying the Poisson equation to 
the positive charge density created in the semiconductor. This is done using the “abrupt” or 
“full depletion” approximation [21, 22] in which:
1)  the semiconductor is assumed to be fully depleted throughout Wd, i.e. all 
donors are completely ionised between the Schottky interface and Wd; and
2)  outside the depletion region the semiconductor is neutral and the electric 
field is zero.
Using this approximation, the charge density in the depletion region is a step function, as 
shown in Figure 2.2(a),
(2.2)
where ND is the effective doping density of the semiconductor. The positive charge in the 
semiconductor (QS = qNDWd) is exactly balanced by the negative charge in the metal (QM = 
-QS) so that the electric field is zero outside the depletion region. The one-dimensional Poisson 
equation can be solved to find the electric field distribution E(x),
 . (2.3)
Using the boundary condition E(Wd) = 0, the electric field [Figure 2.2(b)] in the depletion 
region is,
(2.4)
where the maximum electric field, , occurs at the Schottky 
interface. Equation (2.4) can be integrated to give the potential distribution [Figure 2.2(c)] in 
the semiconductor, where the potential drop across the depletion region is known as the built-in 
voltage Vbi, 
(2.5)
ρ x( ) qND           0 x Wd< <0                 x Wd≥
=
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
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=
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where the width of the depletion region (Wd) and the built in voltage (Vbi) are related by,
 . (2.6)
The built in voltage (Vbi) is related to the barrier height (ΦB) of the Schottky contact by ΦB = 
Vbi + ξ. In practice, the thermal energy distribution of the majority carriers must be taken into 
account and this causes a reduction in the potential drop across the depletion region of kT/q. As 
a result, the width of the depletion region Wd and the maximum electric field Emax now 
becomes,
(2.7)
and
 . (2.8)
Figure 2.2.   Analysis of the Schottky contact depletion region using the Poisson equation and the 
“full depletion” approximation: (a) charge density, (b) electric field, (c) potential, and (d) energy 
variations.
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2.3    MEASURING SCHOTTKY BARRIER HEIGHTS
2.3.1   Current–Voltage (I–V) Characteristics
The most widely used method to determine the barrier height of a Schottky contact is to 
measure its current–voltage (I–V) characteristics [23]. The accepted theory of current transport 
across a Schottky contact was developed by Hans Bethe while working on microwave radar 
during World War II, and reported in a M.I.T. Radiation Laboratory Report dated November 
23, 1942 [24]. In Bethe’s theory, the current is determined by the thermionic emission of 
electrons (for n-type semiconductors) over the Schottky barrier. This is valid provided the 
electrons approaching the barrier are in thermal equilibrium and the emission probability is low 
enough that the resulting current flow does not disturb this thermal equilibrium. In practice 
these conditions are met provided ΦB >> kT/q.
The thermionic emission (TE) of electrons in either direction over a potential barrier of 
height ΦB is [22],
(2.9)
where JTE is the current density, A* the Richardson constant, k the Boltzmann constant, and T 
the semiconductor temperature. When the Schottky contact is forward biased [Figure 2.3(a)] 
by an external voltage V, the barrier potential is lowered to ΦB - qV. The electron flow from 
the semiconductor to the metal increases and the forward current density is now,
 . (2.10)
The current density flowing in the reverse direction (electron flow from the metal to the 
semiconductor) is independent of the applied bias voltage and is known as the saturation 
current density J0 where,
 . (2.11)
The net current flowing across the Schottky contact is therefore,
 . (2.12)
For applied bias voltages V >> kT/q the -1 term in equation (2.12) is negligible and the current 
density should increase exponentially with V.
JTE A∗T2 qΦBkT----------–  exp=
Jfwd A∗T2 q ΦB V–( )kT--------------------------–exp=
J0 A∗T2 qΦBkT----------–  exp=
J J fwd J–= 0 J0 qVkT------   1–exp=
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When the Schottky contact is reversed biased [Figure 2.3(b)], the barrier potential 
increases to ΦB + qV which makes Jfwd << J0 and the net current density is equal to the 
saturation current density J0 which is independent of V.
Equation (2.12) represents the ideal case of pure thermionic emission over a 
homogeneous, defect free, Schottky barrier with no interface states. For the analysis of real I–V
characteristics an ideality factor η is introduced into (2.12) giving,
(2.13)
provided the contact area is known, I–V characteristics are usually plotted as lnJ versus V
from which η can be obtained from the slope of the linear region of the forward bias region. 
Provided V >> kT/q,
 . (2.14)
The effective barrier height ΦB can be obtained by extrapolating the same linear region to V = 
0 V to find the saturation current density J0 from which,
 . (2.15)
Values of η greater than unity are caused by non-ideal behaviour which cause the Schottky 
contact to deviate from pure thermionic transport. The most common types of non-ideal 
Figure 2.3.  Band diagram of a Schottky contact to an n-type semiconductor under 
(a) forward and (b) reverse bias conditions.
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behaviour are image force lowering, field emission, and lateral contact inhomogeneity which 
are described in Section 2.4.
2.3.2   Capacitance–Voltage (C–V) Characteristics
The capacitance–voltage (C–V) technique provides an alternative method of measuring the 
barrier height that does require the dimensions of the contact. It can also be used to obtain a 
depth profile of the effective donor concentration of the semiconductor [23].
The depletion region of the Schottky contact is a natural dielectric. It lies entirely within 
the semiconductor and consists of space charge from ionised donors which are largely 
unscreened by mobile carriers. The depletion region thus forms a “parallel plate” capacitor 
with the metal and the undepleted bulk of the semiconductor. When an external voltage is 
applied, the width of the depletion region (Wd) changes, increasing under reverse bias as more 
unscreened ionised donors are exposed. The width of the depletion region at zero bias was 
derived in Section 2.2.1 using the Poisson equation and the “full depletion” approximation. 
Under a small applied bias V, Equation (2.7) is simply modified by a change of the boundary 
condition from V(Wd) = 0 to V(Wd) = V to give,
 . (2.16)
The total space charge QSC in the depletion region is, 
(2.17)
where A is the area of the contact and ND is the effective donor density. The small-signal 
capacitance of the Schottky junction C = dQ/dV is then,
 . (2.18)
In C–V characterisation, 1/C2 is measured as a function of the applied bias voltage V by 
applying a small a.c. signal (typical frequency 10 kHz - 1 MHz). The effective donor 
concentration (depth profile) can be obtained from the slope of the 1/C2 vs V plot,
(2.19)
while Vbi is obtained from the intercept of the slope with the 1/C2 axis. If the Schottky contact 
is inhomogeneous then the C–V technique will give the average Vbi.
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2.4    SOURCES OF NON-IDEAL BEHAVIOUR
The common sources of non-ideal current transport through a Schottky contact are illustrated 
in Figure 2.4. The other major cause of non-ideal behaviour is barrier height inhomogeneity in 
which there is a spatial distribution of the barrier height across the contact.
2.4.1   Image Force Lowering
The effective barrier height of all Schottky junctions, even for perfectly homogeneous 
contacts with no interface states, is slightly reduced due to image force (IF) lowering, also 
known as the Schottky effect. As an electron approaches the barrier, it experiences a small 
attractive force with the positive “image” charge that is induced in the metal [25, 26]. This 
effect lowers the height of the barrier by an amount ∆Φif given by,
 . (2.20)
Since ∆Φif increases with increasing reverse bias, image force lowering causes ΦB to be a 
function of V. For a given semiconductor, ∆Φif also depends on the effective doping 
concentration ND, and although ∆Φif is small for moderately doped semiconductors, it does 
lead to a voltage dependence of the reverse current which would otherwise be constant at Jo
[Equation (2.11)]. Since barrier lowering is only experienced by electrons approaching the 
interface, it only affects I–V and not C–V measurements. The increased ideality factor (ηif) of 
a Schottky diode due to image force lowering is given by,
Figure 2.4.   Non-ideal current transport processes across a Schottky diode under a forward bias 
of V.
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 . (2.21)
2.4.2   Thermionic Field Emission
The width of the depletion region Wd is proportional to ND-1/2 [Equation (2.16)]. Therefore, in 
heavily doped semiconductors the barrier may be thin enough for electrons to tunnel directly 
through it. A more likely process for moderately doped semiconductors is thermionic field 
emission (TFE), in which carriers are thermally excited to a position on the barrier which is 
sufficiently thin for tunneling to occur. A comparison of the tunneling parameter E00 with the 
thermal energy kT determines the relative probability of these processes [22, 25],
(2.22)
where m* is the effective electron mass. When E00 << kT the dominant current transport 
process is thermionic emission, whereas when E00 >> kT field emission (tunneling) becomes 
important. For E00 ~ kT, current transport will be significantly affected by TFE which causes 
a lowering ∆ΦTFE of the effective barrier height given by,
(2.23)
and an increased ideality factor of,
 . (2.24)
For Schottky contacts to semiconductors with ND < 1018 cm-3 the probability of TFE is very 
small, except possibly at very low temperatures. This situation can change with the presence 
of defect states or traps in the depletion region of the semiconductor which increase the 
tunneling probability and consequently ηTFE, as electrons can first tunnel into these defect 
states and then through the barrier.
2.4.3   Recombination
Recombination currents can occur in the depletion region of a Schottky contact due to the 
simultaneous capture of electrons and holes by defect states in the semiconductor. The 
recombination current is given by,
1
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(2.25)
where ηrc is the ideality factor for this process (which is typically close to 2), Ni is the minority 
carrier concentration, and τ is the minority carrier lifetime within the depletion region. For 
wide band gap semiconductors such as ZnO, Ni and therefore Jrc are very small. For these 
materials, hopping current transport may be more effective, with electrons tunneling between 
successive defect states.
2.4.4   Schottky Barrier Inhomogeneity
Real Schottky contacts are likely to contain inhomogeneities that cause a spatial variation 
in barrier height. These fluctuations may be caused by:
• structural defects (e.g. dislocations, pits, grain boundaries, polishing damage, 
roughness) at the semiconductor surface;
• surface contamination (e.g. adsorbates such as hydrocarbons, water vapour, and 
oxygen);
• intrinsic point defects or intrinsic defect clusters (e.g. vacancies, vacancy 
clusters, interstitials); or
• extrinsic surface defects (e.g. metal interdiffusion spikes or doping 
inhomogeneity).
Figure 2.5.   Band diagram (in two dimensions) of an inhomogeneous Schottky contact under 
an applied forward bias V.
Jrc
qNiWd
2τ----------------
qV
ηrckT-------------- 
 exp=
2.5   INTERACTING SCHOTTKY CONTACT MODELS 21
Henisch [27] proposed that barrier height fluctuations are unavoidable and occur even in 
the most carefully fabricated Schottky contacts. Werner and Guttler [28] developed a widely 
used model for Schottky barrier fluctuations caused by spatial inhomogeneities of a length 
scale less than the depletion region width Wd. They assumed a Gaussian distribution P(ΦB) of 
barrier heights with a mean value ΦB and a standard deviation σ. By integrating the current 
flow over P(ΦB) they found the following relation for the apparent, effective barrier height of 
an inhomogeneous contact from I–V measurements:
 . (2.26)
Equation (2.26) reflects the fact that d.c. current will tend to flow preferentially through the low 
barrier height regions especially at low temperatures. The apparent ideality factor is given by,
(2.27)
where ρ2 and ρ3 are coefficients which quantify the change in the barrier height distribution 
P(ΦB) with bias voltage V. 
The same authors also argued that capacitance measurements are insensitive to potential 
fluctuations of a length scale less than Wd and therefore the barrier height determined by the 
C–V technique represents the mean value ΦB.
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Over the past 50 years, the Schottky – Mott model, which assumes no interaction between 
the metal and semiconductor, has been extensively tested for a wide range of semiconductors 
by investigating the dependence of the Schottky barrier height on the metal work function to 
find the interface behaviour parameter,
(2.28)
where SΦ = 1 for the Schottky - Mott model [from Equation (2.1)]. Figure 2.6 shows 
experimental values of SΦ for a range of common semiconductors [29].
ΦBinh ΦB qσ
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In general, metals with larger work function systematically produce higher Schottky 
barriers, however the experimentally determined SΦ for most semiconductors are much lower 
than unity, and in some cases (e.g. Si and Ge) the measured barrier height is almost independent 
of the Schottky metal. This phenomenon is known as Fermi level pinning and is usually 
attributed to the presence of charged interface states near the Schottky interface which form an 
electric dipole lowering the effective barrier height [30],
(2.29)
where Vint is the potential due to the interface dipole. 
The poor predictive ability of the Schottky – Mott model has led to the introduction of 
subsequent models which assume some kind of interaction at the Schottky interface, such as 
the overlap of electron wave functions, chemical bonding, or the creation of defects. These 
interactions provide the source of the interface dipole term in Equation (2.29) provided they 
create an interface charge in the semiconductor with a small physical separation δ (~ a few 
Angstroms) from the metal. Consequently, models of this type are often referred to as fixed 
separation models [25]; three competing versions will now be described.
2.5.1   Metal Induced Gap States (MIGS) Model
In 1947, Bardeen [31] proposed that a high density of charged surface states on the 
semiconductor could cause pinning of the Fermi level at the Schottky interface. In 1965, Heine 
[32] showed that the wave functions of the metal electrons can tail or tunnel into the 
Figure 2.6.   Experimentally determined interface behaviour parameter SΦ versus semiconductor 
band gap [29].
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semiconductor in the energy range where the metal conduction band overlaps the 
semiconductor band gap. The contemporary extension of Heine’s work is now referred to as 
the Metal Induced Gap States or MIGS model [33] in which the distribution of MIGS, , 
(number of gap states per unit area per eV) is assumed to be determined only by the 
semiconductor. This distribution contains an energy level called the charge neutrality level, at 
a potential φCNL, below which the MIGS are donor-like (neutral when filled, positively charged 
when empty) and above which the MIGS are acceptor-like (negatively charged when filled, 
neutral when empty). This charge neutrality level is also referred to in the literature as the 
branch point energy.
The MIGS model still assumes an ideal (i.e. purely thermionic), defect free, and laterally 
homogeneous Schottky interface in which the only interaction is from the decay of electron 
wave functions from the metal into the semiconductor, which changes the charge distribution 
near the interface. This model provides an explanation for the observed weak dependence of 
barrier height on metal work function and gives a better agreement with actual observations 
[33].
 
On Schottky contact formation, the MIGS are filled up to the interface Fermi level (EF). 
For the situation shown in Figure 2.7, the Fermi energy lies below the charge neutrality level 
and so the interface states have a net positive charge QGS per unit area,
(2.30)
Figure 2.7.   Schottky barrier formation using the metal induced gap states (MIGS) model [25].
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where the density of gap states, DGS(E), is assumed to be constant near φCNL. When EF > φCNL 
the interface states have a net negative charge, while for EF = φCNL the net interface charge is 
zero. 
Schottky interfaces must be electrically neutral in thermal equilibrium. The charge per 
unit area on the semiconductor side of the interface is the sum of QGS and the space charge due 
to unscreened ionised donors QSC. This must be balanced by an equal charge density QM of 
opposite sign on the metal so that,
 . (2.31)
Gauss’s law can be applied to the metal surface of the interface layer to calculate the electric 
field which is assumed to be uniform,
(2.32)
where εint is the dielectric constant of the interface region (which can be approximated by 2  
where  is the optical dielectric constant of the semiconductor [30]) and δint is the separation 
between the MIGS and the metal (assumed to be approximately the decay length of the MIGS).
For most Schottky contacts it can be shown that QSC << QGS in which case Equations 
(2.30), (2.31), and (2.32) can be combined to give the voltage drop Vint due to the interface 
dipole,
 . (2.33)
This can used in equation (2.29) to give,
(2.34)
which can be further rearranged to,
(2.35)
where γGS is the gap states parameter,
 . (2.36)
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In the MIGS model, the Schottky barrier height is essentially determined by the charge 
neutrality level (φCNL) of the semiconductor and the density of MIGS (DGS). When the density 
of MIGS is high, γGS << 1 and ΦB is pinned close to the φCNL, while if the density of MIGS is 
low, γGS ~ 1 and the Schottky - Mott relationship is regained. The interface behavior parameter 
SΦ = dΦB/dφM , defined earlier, is actually equal to γGS for the MIGS model, and is determined 
by the density of states (DGS) and the decay length (δint) of the MIGS. The CNL potential 
(φCNL) is also referred to as the zero charge transfer barrier height Φbp [26] and the energy level 
of the CNL relative the vacuum level is known as the branch point energy Wbp. 
Mönch [26, 33] proposed that the branch point energies of semiconductors Wbp = q(χs + 
φCNL) vary linearly with their electronegativities (XS) with the same constant of proportionality 
AX (AX = 0.86 eV per Miedema electronegativity unit or 1.79 eV per Pauling unit) as the 
relationship between metal work functions and their electronegativities (XM). In this case, 
equation (2.35) can be rewritten to give,
 . (2.37)
SX = dΦB/dXM is a new interface behaviour parameter. Mönch determined the branch point 
energies of a number of semiconductors from band gap calculations using the empirical tight 
binding approach [33, 34]. He also deduced a simple approximation for calculating γGS and SX
from the optical dielectric constant  which is known for most semiconductors,
 . (2.38)
Therefore the interface behaviour parameters SΦ = dΦB/dφM and SX = dΦB/dXM can be 
approximated by,
 . (2.39)
The MIGS model can be tested by comparing the experimentally determined SΦ or SX for 
a number of semiconductors against the prediction of equation (2.39). This is usually done by 
constructing plots of against . However, care must be taken because the 
MIGS model is only strictly valid for the image-force-corrected barrier heights  of 
ideal, laterally homogeneous Schottky contacts [26]. Real contacts nearly always have some 
form of non-ideality, often due to inhomogeneities in the Schottky interface. Mönch suggested 
that  can be determined for a given metal – semiconductor combination by plotting the 
experimentally determined effective barrier heights (ΦB) and ideality factors (η) for multiple 
Schottky diodes, extrapolating the relationship to find the barrier height ( ) corresponding 
to the image force controlled limit (ηif), and then adding the image force lowering correction 
ΦB Φbp SX XM XS–( )    where   SX+ γGSAX= =
ε∞
γGS 1 0.1 ε∞ 1–( )2+[ ] 1–=
SΦ 1 0.1 ε∞ 1–( )2+[ ] 1–    and   SX AX 1 0.1 ε∞ 1–( )2+[ ] 1–= =
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∆Φif . A reasonable correlation between  and  has been found (Figure 2.8) 
providing support for the MIGS fixed separation model, as have the demonstrations of the 
existence of MIGS using scanning tunneling spectroscopy [36, 37].
The width of the interface region δint over which the charge separation and interface 
dipole occurs is related to the exponential decay length of the MIGS, which is shorter for ionic 
semiconductors compared to covalent semiconductors due to greater screening. As a result, 
γGS,covalent < γGS,ionic, and Fermi level pinning due to MIGS is expected to be more dominant 
for covalent semiconductors, such as Si, Ge and GeAs, than for more ionic semiconductors 
such as ZnO.
2.5.2   Chemical Bond Polarisation (CBP) Model
The chemical bond polarisation (CBP) model still assumes an ideal (i.e. purely 
thermionic), defect free Schottky interface but with the creation of MIGS replaced by the 
creation of chemical bonds between the metal and semiconductor. In quantum mechanical 
terms, the interface states are created by the overlap of wave functions from both the 
semiconductor and the metal, and therefore are a property of both not just the semiconductor 
as in MIGS.
In 2001, Tung [30, 35] proposed that chemical bonding at the metal – semiconductor 
interface plays an important role in Schottky barrier formation. He argued that when a metal 
forms an intimate contact with a semiconductor, chemical bonds have to form. The polarisation 
Figure 2.8.   Interface parameters SΦ as a function of optical dielectric constant  for a 
range of semiconductors [25, 33].
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associated with this bonding causes a charge rearrangement at the interface. This creates an 
interface dipole that weakens the dependence of the barrier height on the metal work function, 
reducing SΦ = dΦB/dφM .
The crystal structure of the metal at the Schottky interface is typically polycrystalline in 
nature with the bonding geometry having a non-periodic, random nature. Because of this 
randomness, the interface dipole is expected to reflect the macroscopic properties of the 
chemical bonding rather than the microscopic structure of the interface which would otherwise 
be different for each metal–semiconductor combination. Tung modelled this chemical bonding 
by treating the metal–semiconductor interface as a giant molecule consisting of an abrupt 
interface plane containing a density NB of chemical bonds. Bonding is assumed to only occur 
between atoms situated on the actual interface plane with NB less than the number of interfacial 
semiconductor or metal atoms per unit area due to lattice mismatch, misaligned bond geometry, 
and polycrystalline grain boundaries. The chemical potential equalisation method (the 
chemical potential of all interface atoms must be the same) is used to estimate the charge 
rearrangement and electric dipole at the interface. Each pair of metal–semiconductor atoms 
taking part in the interface bonding acquires an equal and opposite bond polarisation charge 
given by [29], 
(2.40)
Figure 2.9.   Random interface bonding at a Schottky interface on the O-polar face of n-ZnO.
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where κ is a constant which is usually small compared Eg. This charge transfer creates an 
interface dipole with a voltage drop,
 . (2.41)
Using Vint in Equation (2.29) gives,
(2.42)
where γCB is the chemical bond polarisation parameter, 
(2.43)
and where dMS is the separation between the metal and semiconductor atoms at the interface 
plane which is of the order of 0.25 nm, and NB is the density of chemical bonds at the interface. 
Like MIGS, the chemical bond polarisation (CBP) model predicts a much weaker dependence 
of ΦB on metal work function than the Schottky–Mott model. However, unlike MIGS, there is 
a natural tendency for ΦB to converge towards half the band gap of the semiconductor, instead 
of converging towards the charge neutrality level.
The interface behavior parameter, SΦ = dΦB/dφM, is equal to γCB in the CBP model. As 
before, the interface dielectric constant εint can be approximated by 2 , and due to the 
dielectric screening at the interface . Therefore Equation (2.43) can be expressed 
as,
 . (2.44)
Tung used experimentally determined data for SΦ and  to construct a plot (shown in 
Figure 2.10) of  versus Eg which shows the predicted linear relationship. This 
suggests that the product of NB and dMS is reasonably constant for the semiconductors in the 
plot. Assuming dMS to be ~ 0.25 nm, this gives a value of NB of ~ 1014 cm-2 suggesting that 
chemical bonding (or some form of overlap of both the metal and semiconductor wave 
functions) is ubiquitous and that the degree of polarisation of these bonds determines the size 
of the interface dipole.
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2.5.3   Induced Defect Model
In the induced defect model, the interaction between the metal and semiconductor is the 
metal-induced formation of native point defects in the semiconductor near the Schottky 
interface. The charge associated with these defects creates an interface dipole which in turn 
influences the barrier height according to Equation (2.29). The analysis is similar but more 
complex than that used in the MIGS model, because the density of MIGS is assumed to be 
constant throughout the semiconductor band gap, while in the induced defect model the 
distribution of defect states is more narrowly centred on a particular defect energy level. 
Figure 2.11 shows the situation for a donor-like defect (neutral when filled, positively charged 
when empty) with a narrow energy level distribution centred at EDS. The net positive charge 
residing in the defect states of the donor is given by,
 . (2.45)
As before, charge neutrality must be observed between the metal and semiconductor,
 . (2.46)
Assuming QDS >> QSC , Equation (2.32) can again be used to find Vint ,
Figure 2.10.   Experimentally determined interface behaviour parameter SΦ plotted as 
 versus semiconductor band gap Eg to test the validity of CBP model [29].ε∞ 1 SΦ–( )[ ] 1–
QDS q DDS E( ) Ed
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 . (2.47)
(Note: the semiconductor dielectric constant εS is used in equation (2.47) instead of εint 
because the material separating the defects from the metal is the semiconductor itself and not 
a material with the average dielectric properties of the metal and the semiconductor as in the 
MIGS and CBP models). Using Vint in Equation (2.29) gives,
(2.48)
which can be solved numerically to find ΦB.
If the defect density is sufficiently high, the interface Fermi level is pinned close to the 
energy level of the defect, (EF ~ EDS) as shown in Figure 2.11(a). Figure 2.11(b) shows the 
situation where the defect density is insufficient to completely pin the Fermi level, in which 
case EDS > EF and Equation (2.47) can be approximated by,
(2.49)
where NDS is the sheet density of defects (number of defects per unit area) which are assumed 
to be completely charged. The third term in equation (2.49) is the potential due to the interface 
dipole Vint . For ZnO, assuming an interface gap of 1 Angstrom, a charged defect density of 1 
x 1014 cm-2 would cause a Vint of ~ 200 meV.
Figure 2.11.   Band diagrams showing the influence of (a) a high density, and (b) a moderate density of 
a donor-like defect on Schottky contact formation to a n-type semiconductor.
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The most publicised application of the metal induced defect model has been to explain 
the Fermi level pinning of metal and non-metal contacts to GaAs (Eg = 1.42 eV) and other III 
– V semiconductors. This model, originally called the Unified Defect Model [38], became the 
Advanced Unified Defect Model (AUDM) after the AsGa antisite (an As atom on the Ga site 
in the GaAs lattice) was identified as the main defect responsible for the Fermi level pinning 
in Schottky contacts to both n-type and p-type GaAs [39]. For example, as-deposited Schottky 
contacts to n-type GaAs are strongly pinned with a barrier height of ~ 0.8 eV which is almost 
independent of metal work function (SΦ ~ 0.07 from Figure 2.6). This is close to the energy 
level of the AsGa (+1,0) transition,
 . (2.50)
GaAs bulk crystals are grown under As- rich conditions, favouring the formation of AsGa
antisites which tend to pin the free GaAs surface near the middle of the band gap. The AUDM 
successfully predicts changes in barrier height on annealing by considering the effect of the 
resulting chemical reactions on the AsGa defect density. For Au contacts, annealing creates 
additional AsGa defects which cause a reduction in barrier height. In contrast, the annealing of 
Al contacts decreases the AsGa defect density, weakening the Fermi level pinning and 
increasing the barrier height.
2.5.4   Comparison of the MIGS, CBP, and Induced Defect Models
The MIGS, CBP, and Induced Defect models provide different explanations for the 
source of the interface states created when a metal and semiconductor are brought into intimate 
contact. Therefore, any attempt to understand Schottky contact formation to a given 
semiconductor requires an assessment of the relative contribution of quantum mechanical gap 
states, chemical bonding, and point defect creation. If none of these are by themselves 
dominant, then some form of hybrid approach may need to be employed such as ‘MIGS plus 
CBP’ or ‘CBP plus Induced Defects’ etc. Fortunately, the formation of reasonable quality 
Schottky contacts allows the use of a range of techniques such as thermal admittance 
spectroscopy and deep level transient spectroscopy [23] which can be used to study the 
semiconductor defects which have an important influence on their fabrication.
Finally, Table 2.1 gives a summary of the MIGS, CBP, and Induced Defect models and 
their predictions for ZnO.
AsGaX AsGa e'     for which    E AsGa +1 0,( )[ ]+→ EVBM 0.75eV+=
32 CHAPTER 2  SCHOTTKY CONTACT MODELS 
Table 2.1: Comparison of the predictions of the Metal Induced Gap States (MIGS), Chemical Bond 
Polarisation (CBP), and Induced Defect models.
MIGS CBP Induced Defect
Barrier height 
given by: Numerical solution of:
Interface
parameter:
(SX = 2.27SΦ)
or 
Interface 
states created 
by:
exponential decay of elec-
tron wave functions from 
the metal into the band gap 
of the semiconductor.
polarised chemical bonding 
between metal and semiconductor 
atoms at the interface.
metal-induced creation of charged 
point defects in the semiconductor 
near the interface.
Conclusions: high density of MIGS states 
causes the interface Fermi 
level (FL) to be pinned near 
the CNL. FL pinning stron-
ger for covalent semicon-
ductors.
density of interface states similar 
between semiconductors. FL pin-
ning near the middle of the band 
gap stronger for narrow band gap 
semiconductors with low optical 
dielectric constants.
high defect densities cause the FL 
to be pinned close to the defect’s 
energy position in the band gap.
Predictions for 
n-type ZnO:  = 4.6 [29]SΦ = 0. 435
SX = 0. 375 / 0.78 for Mie-
dema/Pauling units.
SΦ = 0. 419/Eg = 3.2 eV[29] not available
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Chapter 3
The Zinc Oxide Surface
Since Schottky contact formation involves the creation of an intimate contact between a 
metal and a semiconductor, an understanding of the structural, chemical, and electrical nature 
of the zinc oxide surface is important for any attempt to control the properties of the resulting 
contacts. In this chapter, atomic force microscopy, x-ray photoemission spectroscopy, 
photoluminescence spectroscopy, and variable magnetic field Hall effect measurements are 
used to investigate the morphology, chemical termination, band bending, and defect nature of 
the ZnO surface.
3.1   ATOMIC FORCE MICROSCOPY (AFM)
AFM uses a miniature silicon (or silicon nitride) cantilever, with a probe tip of nanometer 
scale radius of curvature, to topographically scan the surface of a sample. The images presented 
here were obtained by tapping mode AFM in ambient air. In tapping mode, a piezoelectric 
crystal is used to oscillate the cantilever near its resonant frequency while a feedback loop 
measures the oscillation amplitude and adjusts the tip–sample separation to maintain constant 
amplitude and force on the sample. The scanned tip–sample separation then provides an image 
of the surface.
Figure 3.1 shows AFM images of the Zn-polar, O-polar, and m-plane faces of 
hydrothermally grown bulk ZnO, cleaned using the simple organic solvents acetone, methanol, 
and iso-propyl-alcohol, and dried using N2 gas. These three surfaces show distinct differences 
in structure; most strikingly the Zn-polar face is covered in triangular islands and pits similar 
to those observed by Dulub et al. [40, 41] by scanning tunneling microscopy. These are thought 
to be the result of the electrostatic stabilisation of the Zn-polar surface by the removal of 
surface atoms [40] as discussed in more detail in Chapter 6. The O-polar surface has a more 
disordered morphology with an irregular distribution of holes. The m-plane surface has a 
corrugated morphology along the [0001] direction [42, 43].
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3.2   X-RAY PHOTOEMISSION SPECTROSCOPY (XPS)
X-ray photoemission spectroscopy (XPS) is a high energy application of the photoelectric 
effect discovered by Hertz in 1887 and explained by Einstein in 1905 [44]. Monochromatic soft 
x-rays are used to illuminate a region of the sample being analysed. The kinetic energy of the 
photoelectrons leaving the sample, usually with a 90o takeoff angle, is measured using a 
spectrometer to give a spectrum which contains a series of photoemission peaks. The binding 
energy of the electrons is equal to the difference between their kinetic energy and the photon 
energy of the X-rays. The binding energy position of the peaks are specific to each element in 
the sample while the peak area can be used (with appropriate sensitivity factors) to determine 
the chemical composition of the sample surface. XPS can also provide information of the type 
Figure 3.1: Tapping mode AFM images of the Zn-polar, O-polar, and m-plane surfaces of 
hydrothermally grown bulk ZnO (from Tokyo Denpa Co. Ltd).
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of bonding, as the shape of each peak and its binding energy can be slightly altered by the 
chemical surroundings of the emitting atom. Although the x-rays can excite electrons up to a 
depth of ~ 1 µm into the sample, only those from approximately 0.5 – 5 nm below the surface 
can escape, making XPS a surface sensitive tool. Even greater surface sensitivity can be 
obtained by tilting the sample and analysing electrons with shallower take-off angles. In-situ 
sample cleaning and depth profiling can be carried out using argon ion beam sputtering.
3.2.1   XPS of the Zn-polar and O-polar Surfaces of Bulk ZnO
XPS of hydrothermal and melt grown bulk ZnO surfaces were carried out (unless 
otherwise stated) using a Kratos XSAM800 instrument at the Research Centre for Surface and 
Materials Science, University of Auckland, with the assistance of Dr. C. Doyle and Prof. J.B. 
Metson. Data was collected using a 1486.6 eV monochromatic Al Kα x-ray source, a 
hemispherical electron energy analyser operated in the fixed analyser transmission mode, and 
an ultra-high vacuum chamber with a base pressure ~ 10-8 mbar. Samples were also sent to 
collaborators at the University of Warwick, U.K, and Purdue University, U.S.A., for analysis 
using similar XPS equipment. Three different types of spectra were collected:
1)  Survey spectra (pass energy 160 eV, 1.0 eV step size) – in which relative 
peak areas are used to quantify the concentration of each element in the 
near surface region. The peak areas are first corrected using relative sensi-
tivity factors based on instrument modified Schofield cross-sections 
(18.92, 2.93, and 1.00 for Zn 2p 3/2, O 1s, and C 1s peaks respectively);
2)  Core level spectra (pass energy 20 eV, 0.1 eV step size) – these are high res-
olution scans of individual emission peaks used to determine the chemical 
bonding and oxidation level of individual types of atom;
3)  Valence band spectra (pass energy 20 eV, 0.1 eV step size) – these are high 
resolution scans of the highest energy photoelectrons which can be used to 
measure the valence band density of states and determine the near-surface 
band bending. 
Since high resistivity samples are prone to charging during x-ray irradiation, and this can 
affect the position and shape of the XPS spectra, the ZnO samples were carefully grounded on 
a stainless steel holder using either carbon tape or silver paste. For the valence band spectra, 
samples were backside coated with a layer of indium to improve the electrical connection 
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between the sample and the machine. Unless otherwise stated, low energy electron flood 
charge compensation was used during data acquisition.
Figure 3.2 shows survey spectra, taken consecutively from Zn-polar and O-polar face 
samples cut from the same double-sided polished, hydrothermal, c-axis, bulk ZnO wafer. Both 
faces show the same Zn and O core level emissions, plus a signal due to adventitious carbon 
contamination at 285.0 eV. No iron was detected confirming that the sample holder was not 
being sampled. Surprisingly, the ratio of O:Zn was higher on the Zn-polar face. This was 
investigated on several other hydrothermal and melt wafers, and was found to be a consistent 
feature.
Figures 3.3(a) and (b) show the core O 1s level spectra from the same hydrothermal 
samples. The dominant emission is from the well-defined O 1s line at 531.0 eV, due to lattice 
oxygen. On both faces, there is a pronounced shoulder at higher binding energies which has 
been unambiguously related to hydroxide bonding [42, 45, 46]. The O 1s spectra were fitted 
using three Voigt functions with a Gaussian:Lorentzian ratio of 70:30. The two main peaks at 
531.0 and 532.8 eV are due to the lattice oxygen bonding and OH bonding respectively, while 
a third, much smaller, unknown peak is required to exactly fit the shape of the shoulder. This 
Figure 3.2: XPS survey spectra collected from the Zn-polar and O-polar faces of hydrothermal bulk 
ZnO with a quantification analysis based on the peak areas of the Zn 2p 3/2, O 1s, and C 1s core level 
emissions, with relative sensitivity factors of 18.92, 2.93, and 1.00 respectively.
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third peak is significantly larger on the O-polar face, which also has a slightly more pronounced 
shoulder compared to the Zn-polar face.
Figures 3.3(c) and (d) show the O 1s spectra re-measured using a photoelectron take-off 
angle of 15o from the surface. The increase in the intensity of the OH peak indicates that the 
hydroxide bonding is located at or close to the surface. The O 1s spectra were monitored for a 
further 24 hours at a chamber pressure of 10-8 mbar and remained unchanged, indicating that 
the hydroxide layer is persistent and probably chemisorbed.
3.2.2   Graphical Layer Depth Profiling using Angle Resolved XPS
Spruytte et al. [47] have developed a graphical method to estimate the composition, 
thickness, and depth of different near surface layers using angle resolved XPS. This method 
involves calculating the relative atomic concentrations (referred to as reduced area fractions
 in [47]) of each chemical species, i, at two different take-off angles, in this case 15o and 
90o. This provides sufficient information to determine the depth (dj) and thickness (tj) of each 
layer j, provided they are uniform and contain chemical species that are present in one layer 
only. The parameters R and S are first calculated from,
Figure 3.3: Variable angle XPS of the O 1s core level on the Zn-polar and O-polar faces of 
hydrothermally grown bulk ZnO, for takeoff angles of 90o and 15o.
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(3.1)
and
 . (3.2)
Provided that each chemical species i is present in only one layer j then,
 (3.3)
where ni is the concentration of chemical species i , and λ is the inelastic mean free path of the 
photoelectrons which is ~ 2.0 nm. R is the ratio of the reduced area fractions measured at 15o
and 90o calculated for each chemical species, and S is the sum of the reduced area fractions at 
90o of all the chemical species present in a given layer. The higher the value of R, the shallower 
the chemical species relative to the surface. The values of R and S determined from the 15o and 
90o XPS spectra are given in Table 3.1.
The values of R in Table 3.1 indicate that both polar faces contain a carbon contamination 
layer (R ~ 2.7 ± 0.1) at the surface, above a hydroxide layer (R ~ 1.4 ± 0.1) which in turn lies 
on top of the lattice ZnO. The thickness and depth of each layer is determined by plotting R and 
S on a graphical solution of Equations (3.1) – (3.3) as shown in Figure 3.4 This shows that the 
Table 3.1: Reduced area fractions Fi(15o) and Fi(90o) measured at take-off angles of 15o and 90o from 
(a) the Zn-polar face; and (b) the O-polar face of hydrothermal bulk ZnO.
(a) Chemical Species F(15o) F(90o) R [= F(15o) / F(90o)]
Zn 20.3 46.7 0.43
lattice O 15.9 25.0 0.64
hydroxide O 19.5 12.3 1.6
C 44.3 16.1 2.8
(b) Chemical Species F(15o) F(90o) R [= F(15o) / F(90o)]
Zn 26.8 49.7 0.54
lattice O 15.1 21.1 0.72
hydroxide O 19.0 13.9 1.4
C 39.1 15.3 2.6
R Fi 15
o( )
Fi 90o( )
------------------=
     S F i 90o( )
i
∑ edj λ⁄ 1 e tj λ⁄––( )= =
Fi θ( ) niedj λ θsin⁄ 1 e tj λ θsin⁄––( )=
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thickness of both the C and OH layers on each polar face is ~ 0.4 nm, at depths of ~ 0.1 nm and 
~ 0.5 nm respectively.
XPS spectra taken from the Zn-polar and O-polar faces of additional hydrothermal wafers 
and a melt grown wafer (Figure 3.5) showed almost identical O 1s spectra, with the ubiquitous 
presence of a high binding energy shoulder and an underlying hydroxide peak. Further angle 
resolved spectra taken on the m-plane face of hydrothermal ZnO also indicated the presence of 
a hydroxide layer. Coppa et al. [45] used XPS to determine the presence of a 1.6–2.0 [0.7-2.6] 
monolayer hydroxide coverage on the Zn-polar [O-polar] surfaces of doubled-sided bulk ZnO 
wafers grown using the seeded chemical vapor transport method. A number of other authors 
have reported the presence of unreconstructed (1 x 1) hydroxyl saturation on the Zn-polar and 
O-polar faces of bulk ZnO crystals [46, 48, 49]. Valtiner et al. [46] also showed that the 
Zn-polar surface is stabilised by the adsorption of OH. Kunat et al. [48, 49] reported that H2O 
is readily dissociated (at oxygen vacancies) on the clean, hydrogen free, O-polar surface 
forming a hydrogenated OH terminated surface with an O-H binding energy of 130 kJ/mol. 
They also showed that a clean and hydrogen free, O-polar surface can be obtained by heating 
the substrate at 600 K and that it is characterised by a (1 x 3) reconstruction with a large number 
of oxygen vacancies–one vacancy per (1 x 3) unit cell.
Figure 3.4: Graphical solution (assuming λ = 2.0 nm) for the thickness and depth of carbon and 
hydroxide layers on the Zn-polar and O-polar faces of hydrothermal bulk ZnO using the method of 
Spruytte et al. [47].
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In light of these reports and the angle resolved XPS measurements presented here, it 
seems reasonable to propose that the ZnO surface is naturally terminated by OH groups as 
shown in Figure 3.6. Each surface Zn atom on the Zn-polar face is threefold co-ordinated to 
lattice oxygen with the remaining tetrahedral position occupied by the oxygen atom of a 
surface hydroxyl. This would also explain the higher O:Zn ratio observed on the Zn-polar face, 
since the OH termination provides an additional plane of O atoms. The OH termination on the 
O-polar face is achieved by the addition of a layer of H atoms. In atmospheric conditions, it is 
likely that there will be additional physisorbed species, such as water vapour and oxygen 
molecules, which are attracted to the hydroxide layer. Oxygen species are known to be electron 
acceptors when adsorbed onto ZnO [11], and can significantly lower the surface conductivity.
Figure 3.5: XPS of the O 1s core level on the Zn-polar and O-polar faces of melt grown bulk ZnO, for 
a fixed takeoff angle of 90o after similar sample preparation.
Figure 3.6: (1 x 1) hydroxide terminated Zn-polar and O-polar ZnO surfaces.
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XPS is a particularly useful tool for investigating the valence band structure of 
semiconductors and for determining the position of the surface Fermi level with respect to the 
valence band minimum [50 – 53].
Figure 3.7 shows the valence band XPS spectra collected from the Zn-polar and O-polar 
faces of the same double-sided polished, hydrothermal, c-axis, bulk ZnO wafer. All samples 
were ultrasonically cleaned in organic solvents. The spectra were measured by collaborators at 
the Department of Physics, University of Warwick, UK using a Scienta ESCA300 
spectrometer with a monochromatic Al Kα X-ray source (hν = 1486.6 eV), electron energy 
analyser, and a similar detector to the Kratos XSAM800 instrument at the University of 
Auckland. The spectra were collected without the use of an electron flood gun. Provided the 
samples are well grounded to the instrument, the binding energy scale can be referenced to the 
Fermi level of the sample. The binding energy scale was also calibrated using the Fermi edge 
of an ion-bombarded silver reference sample. The spectra show the presence of three main 
peaks at 10.9, 7.8 and 4.9 eV. The highest binding energy peak is mainly due to the Zn 3d core 
level which is not part of the valence band density of states. The two main peaks in the valence 
band region have been labelled I (4.9 eV) and II (7.8 eV). Peak II involves the hybridised O 2p 
and Zn 4s and 4p orbitals, while peak I is attributed mainly to the O 2p orbitals [53,54].There 
is evidence of a polarity related effect in Figure 3.7, in that peak I is significantly more intense 
on the Zn-polar face; a similar effect was also observed in other wurtzite semiconductors, e.g. 
GaN, InN, and CdS.
Figure 3.7: Valence band XPS spectra taken from the Zn-polar and O-polar faces of the same 
hydrothermal, bulk, c-axis wafer (n = 1 x 1014 cm-3).
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The position of the valence-band maximum (VBM) with respect to the Fermi level (EF) 
on each face can be determined by extrapolating a linear fit to the low binding energy edge of 
the valence band spectrum to a line fitted to the instrument background [50]. This is shown in 
Figure 3.8(a) for the Zn-polar and O-polar face of the same hydrothermal, c-axis wafer and in 
Figure 3.8(b) for a separate hydrothermal m-plane wafer. The VBM – EF values for each face 
are given in Table 3.2. Since the band gap of ZnO is 3.35 eV (at RT), the Fermi levels at all 
three surfaces are well into the conduction band. This corresponds to strong downwards band 
bending and the presence of an electron accumulation layer on each face.
Table 3.2 also shows the magnitude of the downward band bending, which can be calculated 
provided the energy of the Fermi level below the conduction band minimum, ξ = EC – EF, is 
known. For non-degenerate semiconductors ξ is given by,
Figure 3.8: VBM to Fermi level separation determined from linear fits to the leading edge of the 
valence band XPS spectra from (a) the Zn-polar and O-polar faces of the same hydrothermal, c-axis, 
bulk ZnO wafer; and (b) from a hydrothermal, m-plane, bulk ZnO wafer.
Table 3.2: VBM – Fermi level values determined from valence band XPS spectra and downward 
near-surface band bending, assuming a ZnO band gap of 3.35 eV (at RT) and a CBM – Fermi level 
energy difference of 0.27 eV for hydrothermal bulk ZnO.
Hydrothermal ZnO 
Polarity
VBM – Fermi level
(eV)
Downward Band 
Bending (eV)
Zn -polar 3.69 0.61
O - polar 3.50 0.42
m-plane 3.60 0.52
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(3.4)
where n is the bulk carrier concentration and NC is the density of states in the conduction band 
given by,
 . (3.5)
NC = 2.94 x 1018 cm-3 using the accepted value of 0.27 me for the effective electron mass  
of ZnO [5]. For hydrothermal ZnO, n ~ 1 x 1014 cm-3 and ξ = 0.27 eV; while for melt ZnO, n
~ 5 x 1016 cm-3 and ξ = 0.11 eV.
Figure 3.9 illustrates the near surface band bending at the Zn-polar and O-polar 
hydrothermal bulk ZnO using the values in Table 3.2. The downward band bending is ~ 0.19 
eV greater on the Zn-polar face indicating a stronger accumulation layer. Similar results were 
obtained on additional hydrothermal wafers, using the Kratos XSAM800 instrument at the 
University of Auckland, indicating that this is a consistent trend.
Figure 3.9: Band bending at the Zn-polar and O-polar faces of hydrothermal bulk ZnO showing 
accumulation layers on both polar faces.
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Valance band XPS spectra were also taken on the Zn-polar and O-polar face of an organic 
solvent cleaned, melt grown, c-axis, bulk ZnO wafer using the Kratos instrument. As an extra 
precaution the samples were backside coated with indium metal to ensure they were thoroughly 
grounded to the instrument. The valence band spectra are shown in Figure 3.9 and the VBM – 
Fermi level results for melt ZnO are summarised in Table 3.3. Both polar surfaces show similar 
VBM – Fermi level values to those obtained for the hydrothermal ZnO but, due to the 2–3 
orders of magnitude higher carrier concentration of the melt material, the calculated downward 
bending is less. The results still indicate the presence of electron accumulation layers on both 
faces with a ~0.12 eV stronger downward band bending on the Zn-polar face.
The XPS measurements in Section 3.2 showed that, under vacuum conditions, the polar 
and non-polar faces of ZnO are terminated with an hydroxide layer, while the valence band 
XPS results presented here indicate the presence of an electron accumulation on the same 
faces. It is reasonable to propose that the two observations are linked. Henrich and Cox [56]
Figure 3.10: (a) Valence band XPS spectra taken from the Zn-polar and O-polar faces of the same melt, 
bulk, c-axis wafer (n = 5 x 1016 cm-3) and (b) VBM to Fermi level separation determined from linear 
fits to the leading edge of the valence band XPS spectra from (a).
Table 3.3: VBM – Fermi level values determined from valence band XPS spectra and downward 
(negative) near surface band bending assuming a ZnO band gap of 3.35 eV (at RT) and a CBM – Fermi 
level energy difference of 0.11 eV for melt bulk ZnO.
Melt ZnO Polarity VBM – Fermi level(eV)
surface band bending 
(eV)
Zn -polar 3.60 - 0.36
O - polar 3.48 - 0.24
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proposed that H atoms donate approximately 0.5 electrons to each surface oxygen ion on the 
OH terminated Zn-polar and O-polar surfaces of ZnO. Several other groups [11, 57, 58] have 
reported a hydroxide-induced accumulation layer on both Zn-polar and O-polar surfaces 
causing a high surface conductivity. Kunat et al. [48] proposed that (1 x 1) coverage of 
hydroxide groups is the most energetically favourable termination of the ZnO surface.
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The presence of hydroxide-induced accumulation layers on the ZnO surface clearly has 
important consequences for its electrical properties. The accumulation layers may also be 
strong enough to affect bulk electrical measurements, particularly in the case of hydrothermal 
ZnO which has a very low carrier concentration. Look [60] reported significantly smaller 
low-temperature mobilities (from variable temperature single field Hall effect measurements) 
for hydrothermal ZnO compared to melt and SCVT grown ZnO, despite the high crystallinity 
of the former. Look also suggested that parallel conduction from surface charges may be more 
dominant in the hydrothermal material due to its lower bulk conductivity and that this should 
be included in the analysis of Hall effect measurements.
Variable magnetic field Hall effect measurements [61, 62] represent a powerful tool for 
separating the influences of surface and/or interfacial conducting layers from the bulk 
properties of a sample. The motion of carriers in the x–y direction of an isotropic Hall effect 
sample, perpendicular to an applied magnetic field B in the z direction, can be described by the 
conductivity tensor,
 . (3.6)
The measured Hall coefficient RH(B) and conductivity σ(B) of the sample are related to the 
components of the conductivity tensor by,
(3.7)
and
 . (3.8)
For a sample with multiple carriers in parallel conducting layers, the components of the 
conductivity tensor can be expressed as the sum over the number of carriers N,
J σxx σ– xyσxy σxx
E=
RH B( ) σxy B⁄σxx2 σxy2+
-----------------------=
σ B( ) σxx
2 σxy2+σxx-----------------------=
46 CHAPTER 3 THE ZINC OXIDE SURFACE
(3.9)
(3.10)
where ni and µi and the carrier concentration and mobility of the carrier in layer i, which are 
themselves functions of temperature. As the magnetic field strength increases, the paths of the 
higher mobility carriers are more heavily deflected and their contribution to σxx and σxy 
changes as they are ‘magnetically quenched’. 
At a given temperature, the dependences of σxx and σxy on the magnetic field are first 
experimentally determined using Equations (3.7) and (3.8), and then least square fitted using 
Equations (3.9) and (3.10) with ni and µi as the adjustable parameters. Two fitting procedures 
are often employed: (i) standard multi-carrier fitting (MCF), in which assumptions have to be 
made concerning the variety and type of carriers, and (ii) quantitative mobility spectrum 
analysis (QMSA) [63, 64] in which no a priori assumptions are made and through which a 
continuous spectrum of sheet carrier concentration versus mobility is obtained. The most 
powerful approach is a hybrid method (QMSA + MCF) in which QMSA is used to provide the 
starting values for MCF, resulting in a self-consistency check for the dataset.
Hall effect samples, approximately 6 mm x 6 mm x 500 µm, were cut from hydrothermal 
and melt, c-axis, bulk ZnO wafers. Ohmic Ti/Al/Pt (50 nm/150 nm/30 nm) contacts were 
fabricated on each corner of the Zn-polar face by e-beam evaporation. Variable magnetic field 
Hall effect measurements were made using the van der Pauw technique by Dr. C.H. Swartz in 
collaboration with Prof. Tom Myers at West Virginia University, USA, as a function of 
temperature over the range 50 – 300 K. At each temperature, measurements were made at 22 
logarithmically spaced values of magnetic field from 0 to 12 T. Figure 3.11 shows the QMSA 
spectrum obtained from the hydrothermal ZnO sample at 150 K. There are two clearly resolved 
carrier populations: one due to a high mobility bulk electron and the other due to a low mobility 
electron. The latter is assumed to be from the surface accumulation layer on the Zn-polar face. 
It was not possible to resolve the mobility of the surface electron because it is below the 
resolution limit of the technique, which is given by (µiB)2 > 0.01. Subsequent measurements 
using a 35 T superconducting magnet at the National High Magnetic Field Laboratory, 
Tallahassee, USA, were still unable to unambiguously resolve its mobility although an upper 
limit of ~ 30 cm2V-1s-1 can be given.
σxx B( ) eniµi1 µiB( )2+
--------------------------
i 1=
N
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σxy B( ) eniµi
2B
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Fortunately MCF can be used to remove the effect of the low mobility surface carriers to 
give accurate values of ni and µi for the high mobility bulk electron. Figures 3.12a & b show 
the result of this process for the hydrothermal sample with the van der Pauw contacts on the 
Zn-polar face. Values of n and µ from single field Hall effect measurements at 0.60 T, which 
inherently include the effect of the surface electron, have been plotted for comparison. 
Figure 3.12a shows that, at room temperature, the effect of the surface electron is relatively 
small. However, at temperatures below 200 oC, when the bulk carriers start to ‘freeze out’, the 
surface carriers have a dominant effect on both the carrier concentration and mobility of 
hydrothermal ZnO. The maximum ‘single field’ mobility is 400 cm2V-1s-1 at 125 K, but once 
surface carrier effects are removed the maximum mobility rises to 1100 cm2V-1s-1 at 110 K for 
the bulk electron only, which is comparable to the maximum single field mobilities reported 
for melt and SCVP grown ZnO at the same temperature [7, 59].
Figures 3.13a & b show the data obtained for the melt ZnO sample with van der Pauw 
contacts again on the Zn-polar face. In this case, the room temperature carrier concentration is 
approximately three orders of magnitude higher. As a result, the surface electron layer has a 
very small influence on the conductivity at temperatures above 50 K. Below this temperature, 
most of the bulk carriers freeze out and the degenerate surface carriers become dominant.
In summary, variable magnetic field Hall effect measurements have shown that 
degenerate, low mobility surface carriers have a significant influence on the bulk electrical 
properties of hydrothermal ZnO (n ~ 1014 cm-3), particularly at temperatures below 200 K. For 
melt ZnO, surface carriers have little effect on bulk electrical measurements above 50 K due 
to the higher density of bulk carriers (n ~ 1016 – 1017 cm-3). However, for both materials, the 
Figure 3.11: QMSA spectrum of hydrothermal bulk ZnO at a temperature of 150 K (van der Pauw 
contacts fabricated on the Zn-polar face). 
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surface carriers may provide unwanted conduction paths between the contacts of electrical 
devices.
Figure 3.12: Temperature dependence of (a) the carrier concentration, and (b) the mobility for the bulk 
electron obtained from MCF analysis of variable magnetic field Hall effect measurements (0 - 12 T), 
compared to the values from single field Hall effect measurements (0.60 T), for van der Pauw contacts 
on the Zn-polar face of a hydrothermal, bulk, c-axis ZnO wafer (Tokyo Denpa Co. Ltd.).
Figure 3.13: Temperature dependence of (a) the carrier concentration and (b) the mobility for the bulk 
electron obtained from MCF analysis of variable magnetic field Hall effect measurements (0 - 12 T), 
compared to the values from single field Hall effect measurements (0.60 T), for van der Pauw contacts 
on the Zn-polar face of a melt, bulk, c-axis ZnO wafer (Cermet Inc.).
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Photoluminescence (PL) is a non-destructive technique that is widely used to detect and 
identify near surface defects in semiconductors [23]. In the case of wide band gap 
semiconductors such as ZnO, a UV laser is used to create electron hole pairs, up to a depth of 
approximately 40 nm, which subsequently recombine by radiative and non-radiative 
transitions (see Figure 3.14). The radiatively emitted photons are collected and analysed using 
a diffraction grating spectrometer and photomultiplier detector. The PL spectrum provides (i) 
an indication of the relative optical activity of impurities and defects in the sample, and (ii) 
radiative transition energies which can be used to determine the electronic energy levels of the 
associated impurities and defects. The relative intensity of a peak in the PL spectrum is a 
function of the relative density of the associated impurity or defect and the radiative efficiency 
of the transition involved.
Figures 3.15(a) & (b) show (un-normalised) PL spectra taken at (a) room temperature and 
(b) 4 K by Paul Miller (Department of Physics and Astronomy, University of Canterbury, NZ) 
from the Zn-polar and O-polar faces of samples cut from the same hydrothermal and melt, 
double-sided polished, c-axis, bulk ZnO wafers. The samples were excited using 20 mW of the 
325 nm line of a HeCd laser with a circular spot diameter of 500 µm and the resulting 
luminescence was measured using a Spex 1700 spectrometer. The dominant PL emission at 
room temperature is from near band edge transitions which mainly involve free excitons due 
to their large binding energy. The broader emission from 2.0 - 2.7 eV is known as the defect 
Figure 3.14: Selected near band edge (NBE) and defect band (DB) PL transitions in ZnO [NBE 
emission from the recombination of free excitons (FE) and excitons bound to extrinsic donors (BE); DB 
emission from transistions between intrinsic (donor) point defects and either the valence band (DV) or 
acceptor levels introduced by Group I impurities (DAP)].
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band of ZnO and includes transitions involving intrinsic point defects, such as Zn and O 
interstitials and vacancies, deep level donors and acceptors, and copper impurities. However, 
the identity of the dominant transitions in the defect band is still a source of debate. Theoretical 
studies have indicated that Zn and O vacancies are the most energetically stable point defects, 
and the defect band has been experimentally observed to change with Zn-rich and O-rich 
growth conditions, as well as post-annealing in Zn vapour and O2 ambients [65, 66]. There is 
some evidence to link the yellow defect band at ~ 2.1 eV with Zn vacancies and the green 
defect band at ~ 2.5 eV with oxygen vacancies [5]. Brillson et al. [67] used this assignment to 
explain changes induced in the defect band (as measured by depth resolved 
cathodoluminescence) by the metalisation and subsequent annealing of Au and Ta contacts.
Significantly, the defect band emission was 1–2 orders of magnitude more intense from 
the hydrothermal ZnO sample, a finding that was consistently repeated on subsequent wafers. 
It is tempting to conclude that hydrothermal ZnO has a higher density of near surface defects, 
especially O vacancies, and in fact Brillson et al. [67] have classified hydrothermal and melt 
bulk crystals as high defect and low defect respectively, based on the relative intensities of their 
defect band emission. This approach assumes that the radiative efficiency of defect band 
emission is similar for both hydrothermal and melt ZnO material. However, hydrothermal ZnO 
has a number of unique chemical and electrical differences. Most significantly, hydrothermal 
ZnO is heavily compensated by the presence of Li and Na acceptors which are not present in 
melt ZnO. These introduce deep acceptor states into the band gap of hydrothermal ZnO 
providing additional radiative recombination paths. Hydrothermal ZnO has a higher degree of 
crystallinity (from X-ray rocking curve measurements) and forms more ideal Schottky contacts 
Figure 3.15: (a) Un-normalised, room temperature, near band edge and defect band PL spectra 
(logarithmic scale) from the Zn-polar and O-polar faces of the same hydrothermal and melt bulk c-axis 
wafers; and (b) a comparison of un-normalised, 4K, defect band PL spectra.
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than melt ZnO (see Chapter 4). This suggests that classifying hydrothermal ZnO as a high 
surface defect material may not be valid.
3.6   ANNEALING
The post growth annealing of semiconductors is often used to improve their surface 
morphology and bulk electrical properties. The hydrothermal and melt grown ZnO wafers used 
in this thesis were all unannealed as-received, so a study was carried out to assess the possible 
benefits of annealing the wafers before Schottky contact fabrication. A hydrothermal, c-axis 
wafer (10 mm x 10 mm x 500 µm) was diced into 16 equal sized square samples 
(approximately 2.5 mm by 2.5 mm) and ultrasonically cleaned in acetone, methanol, and 
iso-propyl-alcohol. This provided an as-received pair of Zn-polar and O-polar samples, and 
additional sample pairs which were annealed at 300, 400, 500, 600, and 700 oC respectively 
for 90 minutes in a quartz furnace tube. Oxygen gas (99.99% purity) was passed through the 
tube at a flow rate of 10 sccm (standard cubic centimeters per minute) throughout the annealing 
process. At each temperature, one sample was annealed with the Zn-polar face upwards and the 
other with the O-polar face upwards. The opposite face was placed on an alumina sheet which 
was pre-annealed at 1100 oC to drive out any surface contamination.
Defect band PL spectra were measured for each pair of annealed samples at a temperature 
of 4 K using the cold finger of a liquid helium cooled cryostat. All measurements were made 
during the same experimental run. Following the PL measurements, the samples were 
recleaned and Ti/Al/Pt ohmic contacts were deposited by e-beam evaporation in each corner 
providing a square van der Pauw contact geometry. The resistivity and (where possible) carrier 
concentration and mobility were measured using a single field (0.51 T) Hall effect system.
Figure 3.16: Un-normalised defect band PL spectra from the Zn-polar and O-polar faces of the same 
hydrothermal, bulk c-axis wafer after annealing at various temperatures from 300–700 oC for 90 
minutes in 1 atmosphere O2.
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The un-normalised 4 K defect band PL for each annealing temperature is shown in 
Figure 3.16. For the unannealed samples, the defect band maximum is at 2.36 eV on both polar 
faces, with the defect band intensity approximately twice as strong from the O-polar face. The 
defect band intensity on both polar faces decreases with annealing temperature up to 600 oC, 
indicating a possible improvement in near surface material quality. At an annealing 
temperature of 600 oC on the O-polar face and 700 oC on the Zn-polar face, a new, structured, 
green band with a maximum at 2.42 eV appears, which has been linked to the activation of Cu 
impurities [68].
Figure 3.17 shows the change in the resistivity with annealing temperature and surface 
polarity for the hydrothermal, c-axis wafer. The resistivity increased by 5 orders of magnitude 
on annealing at 300 oC, and all annealed samples were too resistive for Hall effect 
measurements. This semi-insulating behaviour makes O2 annealed hydrothermal ZnO 
unsuitable for device fabrication.
The effect of annealing on melt ZnO was also investigated using the same methodology. 
In contrast to the hydrothermal material, the resistivity of melt ZnO showed little change on 
annealing in 1 atmosphere O2 from 400–800 oC (see Figure 3.17). Hall effect measurements 
were possible on all annealed melt samples; Figure 3.18 shows the change in carrier 
concentration and mobility with annealing temperature. The carrier concentration of melt ZnO 
decreased slightly on annealing while the mobility improved by ~ 8% at 600 oC. The surface 
morphology of the annealed hydrothermal and melt samples was investigated using AFM. No 
Figure 3.17: Resistivity as a function of annealing temperature (in 1 atmosphere O2) for hydrothermal 
and melt bulk ZnO from van der Pauw measurements (conducted at RT).
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significant change in surface roughness was observed until 800 oC when the first signs of step 
terracing rearrangement was observed.
3.7   SUMMARY
The zinc oxide surface is structurally and electrically complex with properties that depend 
on its crystallographic orientation. The Zn-polar and O-polar faces have attracted considerable 
attention for their lack of faceting despite being highly unstable from an electrostatic point of 
view. These polar surfaces are predicted to be stable only if (a) 1/4 of the surface atoms sites 
are vacant, or (b) they have a 1 x 1 hydroxide termination [40 – 43]. AFM measurements 
showed some evidence for (a) in the form of triangular surface reconstructions on the Zn-polar 
face, while XPS measurements indicated that all ZnO surfaces are naturally terminated with a 
hydroxide layer under vacuum conditions. This hydroxide termination produces an electron 
accumulation layer which increases the surface conductivity. Valence band XPS 
measurements were used to quantify the band bending on the polar faces, showing that the 
accumulation layer was strongest on the Zn-polar face.
It is well known that the surface conductivity of ZnO depends on the ambient atmosphere 
[11]. Schmidt et al. [69] showed that bulk samples that were highly resistive in air could be 
reversibly transformed to a highly conducting state under vacuum. They also proposed that this 
was due to an electron conducting surface channel which is passivated in air. This process is 
illustrated in Figure 3.19. In air or oxygen, the accumulation layer is compensated by 
acceptor-like adsorbates, O2 and H2O, and the surface conductivity is significantly lowered. In 
Figure 3.18: Change in (a) the carrier concentration and (b) the mobility of melt bulk ZnO with 
annealing temperature (for 90 minutes in 1 atmosphere O2) from single field (0.51 T) Hall effect 
measurements conducted at RT.
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vacuum conditions, the surface conductivity dramatically rises, and it is assumed that some of 
the O2 and H2O adsorbates are removed from the surface, activating the accumulation layer. 
This surface accumulation layer represents a significant impediment to Schottky contact 
formation, as the deposition of Schottky metals is done under vacuum conditions.
Figure 3.19: Passivation and activation of the surface accumulation layer on the polar surfaces of ZnO, 
in atmospheric and vacuum conditions.
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Chapter 4
Metal Schottky Contacts
4.1    INTRODUCTION
One of the most effective ways to investigate the process of Schottky contact formation 
to a given semiconductor is to compare the barrier heights obtained for a range of different 
Schottky metals. However, since the effective barrier height of a Schottky contact usually 
decreases with increasing ideality factor, care must be taken to only compare the barrier heights 
of almost ideal, laterally homogeneous contacts [26]. As detailed in several comprehensive 
reviews of the literature [5, 8], the fabrication of low ideality factor Schottky contacts to ZnO 
is not a trivial exercise, and it is clear that a methodology for the consistent fabrication of high 
quality Schottky contacts to this semiconductor has yet to be realised.
4.2    LITERATURE REVIEW
Figure 4.1.   Work function of common Schottky metals compared to the band diagram of n-type ZnO 
(ξ is the EF - EC separation, which ranges between approximately 0.1 and 0.3 eV depending on the 
carrier concentration of the as-grown ZnO material).
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Figure 4.1 shows the work function of common contact metals compared to the band diagram 
for n-type ZnO. From the Schottky – Mott model, it is apparent that Au, Pd, Ir, and Pt are 
promising candidates for forming high Schottky barriers to n-type ZnO, and indeed most 
literature reports have involved Au, Pd, and Pt and perhaps more surprisingly Ag. Ir has been 
ignored until recently [67], probably due to its expense and limited availability. Figure 4.2
shows the barrier height (ΦB) and ideality factor (η) for Schottky contacts to n-type ZnO from 
the literature with values of η < 1.8. The surface polarity of the ZnO material, where specified, 
is also indicated. References are given for the best reports (excluding those published as part 
of this work which are compared later in this thesis) for each Schottky metal. 
Schottky contacts to ZnO were first reported by Mead in 1965 [70,71] on 
vacuum-cleaved, hexagonal, undoped ZnO crystals (n ~ 1016 – 1017 cm-3). The barrier heights 
for Pd (0.65 eV), Ag (0.66 eV), Pt (0.71 eV), and Au (0.71 eV) contacts were determined by 
the photoresponse method and consequently no values of η were reported. Subsequently 
Neville and Mead [72] used a two stage acid etch treatment of H3PO4 and HCl, followed by a 
de-ionised H2O rinse to fabricate Au and Pd Schottky contacts with ΦB = 0.66 eV and 0.60 eV 
respectively, and η ~ 1.05, determined by I–V, I–V–T, C–V, and photoresponse methods. 
However, subsequent attempts to use similar acid-based treatments have produced rather 
disappointing results. Specifically, Polyakov et al. [76] compared the effect of HCl, HNO3, and 
organic solvent cleaning on the performance of Au and Ag Schottky contacts on the Zn-polar 
Figure 4.2.   Effective barrier height (ΦB) versus ideality factor (η) plot for Schottky contacts to n-type 
ZnO as reported in the literature. The polarity of the ZnO material, where specified by the authors, is 
indicated and references are given for the ‘best’ reported contacts for each Schottky metal.
1Mead et al., (1965) [70]
2Coppa et al., (2005) [73]
3Sheng et al., (2002) [74]
4Liang et al., (2000) [75]
5Kim et al., (2005) [80]
6Ip et al., (2004) [85]
7Grossner et al., (2004) [92]
8von Wenckstern et al., (2004) 
[93]
9Endo et al., (2007) [94]
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face of bulk SCVT grown wafers (n = 9 x 1016 cm-3). For both metals the best results, in terms 
of lowest reverse leakage current, were achieved with just an organic solvent clean. The barrier 
heights were 0.65 eV (Au) and 0.69 eV (Ag) with η in the range 1.6–1.8. These results are 
symptomatic of the literature since 1965 with (a) the majority of barrier heights lying in the 0.6 
– 0.8 eV range regardless of the Schottky metal used, (b) relatively high ideality factors (η > 
1.3), and (c) the better results achieved using simple organic solvent cleaning. Recently, several 
authors have reported the success of oxidation treatments in improving Schottky contact 
performance. These have included remote oxygen plasmas, hydrogen peroxide, UV ozone, and 
pulsed laser oxygen treatment. This represents a significant development which warrants a 
detailed review:
4.2.1   Remote Oxygen Plasmas
Coppa et al. [45] performed a detailed investigation into the effect of remote plasma 
cleaning —20 W, 20% O2 / 80% He plasma, 0.050 Torr, 525 - 550 oC— on the Zn-polar and 
O-polar faces of seeded chemical vapour transport (SCVT), bulk ZnO wafers (n = 1 ± 5 x 1017
cm-3). This combination of annealing and plasma treatment was found to almost completely 
remove the surface carbon contamination and significantly reduce the thickness of the surface 
hydroxide layer to ~ 0.4 ± 0.1 monolayers. Without this treatment, Au Schottky contacts on 
both polar faces showed poor rectifying behavior with η > 2. This was attributed to the 
presence of a high conductivity surface accumulation layer caused by the hydroxide 
contamination. The best Au Schottky contacts on both the Zn-polar and [O-polar] surface 
—ΦB = 0.71 [0.60] eV, η = 1.17 [1.03]— were achieved using the remote plasma treatment 
described above, followed by a cooling in the unignited plasma ambient prior to contact 
deposition. The authors used XPS, UPS, and LEED to propose that this additional step caused 
the chemisorption of oxygen onto both polar surfaces, resulting in a lowering of the surface 
conductivity and reduction in near-surface downward band bending. Mosbacker et al. [77]
observed a conversion from ohmic to rectifying behaviour for Au contacts on the Zn-polar and 
O-polar faces of SCVT bulk wafers, following room temperature remote 20% O2 / 80% He 
plasma pre-treatment, although the barrier heights of the resulting Schottky contacts were only 
in the 0.42 – 0.50 eV range, with η ~ 2. This pre-treatment was again accompanied by an almost 
complete removal of carbon and OH contamination from the ZnO surface and also a significant 
reduction in the defect band emission using depth resolved cathodoluminescence. In addition, 
9 K photoluminescence spectra, taken before and after the treatment, showed a dramatic 
reduction in the I4 peak at ~ 3.3624 eV from both polar faces, (I4 is attributed to the neutral 
hydrogen donor bound exciton) indicating the removal of hydrogen from the near surface 
region. In subsequent reports, Mosbacker et al. extended the use of remote oxygen plasma 
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treatment to include Au, Pt, Ir, Pd, Ta and Al contacts [78, 79]. They again used depth resolved 
cathodoluminescence to show that remote oxygen plasma treatment reduces defect band 
emission and linked this to a reduction in near surface native point defects. They also showed 
that metal deposition can cause an increase in defect band emission and argued that this was 
due to the creation of point defects by the metalisation process.
4.2.2   Hydrogen Peroxide
Kim et al. [80, 81] first investigated the effect of hydrogen peroxide (H2O2) pre-treatment 
on the Zn-polar face of bulk, single crystal substrates from MAHK Co., Japan. They observed 
a significant improvement in the rectifying behavior of Pt Schottky contacts, obtaining a barrier 
height (from I–V measurements) of 0.89 eV, a Jrev (at -1V) of 6.4 x 10-7 Acm-2, and an ideality 
factor of 1.15. They also observed a considerable decrease in the defect band PL emission from 
the Zn-polar surface following H2O2 treatment. The same authors also reported the ohmic to 
Schottky conversion of Pt contacts on the O-polar face of similar wafers [82], using a boiling 
(NH4)2Sx pre-treatment for 30 s. Subsequently, Gu et al. [83] reported the ohmic to rectifying 
conversion of Au contacts to melt grown, bulk ZnO of unspecified surface polarity (from 
Cermet Inc.) after pre-treatment in boiling H2O2 (for 3 minutes). The best Au diodes were η = 
1.15, ΦB = 0.63 V, and a Jrev (-1V) = 2 x 10-6 Acm-2. XPS measurements showed that surface 
carbon contamination was unaffected by this treatment but the concentration of surface OH 
was significantly reduced. The boiling H2O2 treatment also resulted in a significant increase in 
surface roughness and a loss of Zn in the form of Zn vacancies or vacancy clusters. Similarly 
Schifano et al. [84] obtained an even more dramatic improvement in the rectifying behavior of 
Pd Schottky contacts by pre-treating the O-polar face of hydrothermally grown, bulk ZnO in 
H2O2 for 15 minutes at room temperature. A rectifying ratio (at ± 2 V) of 109 was obtained and 
a Jrev (-2 V) of 4 x 10-9 Acm-2 with the contacts stable or improved by annealing at 200oC for 
30 minutes in air. However, the ideality factor was high (~ 1.8) indicating that the current 
transport was not purely thermionic. The H2O2 treatment again resulted in a significant 
increase in r.m.s. surface roughness to approximately 2 ± 0.5 nm with a granular structure 
clearly evident from AFM.
4.2.3   UV Ozone
Ip et al. [85, 87] investigated the use of UV ozone cleaning prior to the deposition of Pt 
contacts on the Zn-polar face of melt grown, bulk ZnO from Cermet Inc. An ohmic to 
rectifying conversion was again reported with ΦB = 0.70 V and η = 1.49. In this case, the r.m.s. 
surface roughness improved from 0.25 nm to 0.16 nm after ozone treatment which was 
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attributed to a significant reduction in the surface carbon contamination (from 29.5 to 5.8%) as 
measured by XPS. XPS measurements also showed only a slight decrease in surface OH, in 
contrast to the almost complete removal obtained by remote plasma and H2O2 treatment. In 
addition, Nakano et al. [88] used the conducting polymer poly(3,4-ethylene,dioxythiphene): 
poly(styrenesulfonate) or PEDOT:PSS to fabricate Schottky contacts with η = 1.2 and ΦB = 
0.9 eV on the Zn-polar face of hydrothermally grown, bulk ZnO from Tokyo Denpa Co. Ltd. 
which was pre-exposed to UV ozone.
4.2.4   Pulsed Laser Excited Oxygen
Oh et al. [90] treated the surface of an organic solvent cleaned O-polar, hydrothermally 
grown, (n = 2 x 1016 cm-3) bulk ZnO substrate from CrysTec GmbH, using a pulsed KrF 
excimer laser in an 0.1 mtorr oxygen atmosphere. This process resulted in a significant 
decrease in the intensity of the CL defect band emission from the O-polar surface and an 
increase in the near band edge emission. In addition, Auger electron spectroscopy (AES) 
showed a significant reduction in the concentration of carbon (8.4 – 1.3%) and an increase in 
the atomic oxygen percentage (16.3 – 21.4%) of the treated surface. This was attributed to the 
KrF laser photon energy being sufficiently high to break the C-H and O-H bonds at the surface 
while also creating oxygen radicals to reduce the concentration of donor-like surface defects. 
Pt Schottky contacts fabricated on this surface showed a significant improvement in rectifying 
performance (ΦB,I-V = 0.73 V and η = 1.77) compared with those on untreated surfaces, 
although the ideality factor was still too high for these to be considered high quality contacts.
4.2.5   Literature Summary
In summary, the following trends have emerged in the literature for Schottky contact 
formation to n-type ZnO over the past 50 years:
1)   Most reported barrier heights have been in the 0.6 – 0.8 eV range, regardless 
of the Schottky metal used.
2)   There are very few reports of “almost ideal” Schottky contacts with ideality 
factors close to unity as required for comparison with the Schottky – Mott, 
MIGS, and CBP theories.
3)   Pre-contact treatment of the ZnO surface in oxidising conditions can result in 
improvements in Schottky barrier height, often involving an ohmic – 
Schottky conversion, but the resulting contacts still tend to have relatively 
high ideality factors.
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4)   ΦB results for the same metal have been difficult to reproduce on a consistent 
basis, even by the same researchers using the same ZnO material.
5.   A methodology for the consistent fabrication of high quality (i.e. high ΦB, 
low η) Schottky contacts with reproducible properties is lacking.
4.3    EXPERIMENT I - Ag, Au, Pd, & Pt Contacts on Melt Grown ZnO
The initial experiment was an investigation into the effect of surface polarity on the 
performance of planar ZnO Schottky diodes, fabricated using all four of the common Schottky 
metals: Pd, Pt, Au, and Ag. Two melt grown, bulk, c-axis wafers from Cermet Inc. (USA) were 
used: one polished on the Zn-polar face, and one polished on the O-polar face. Each wafer (10 
mm x 10 mm x 500 µm) was cleaved into four approximately equal area samples, one of which 
was characterised using single field (0.51 T) Hall effect measurements (Table 4.1), and the rest 
used for diode fabrication.
4.3.1   Diode Fabrication Method
Each as-received wafer was ultrasonically pre-cleaned for 5 minutes in warm acetone, 
followed by rinsing in methanol, iso-propyl-alcohol, and drying in N2. The fabrication 
technique for both Schottky and ohmic contacts was lift-off photolithography using AZ1518 
photoresist, chrome masks, and a Suss MA6 mask-aligner equipped with a 365 nm UV lamp. 
AZ1518 photoresist was spun onto pre-cleaned samples at 4,000 rpm and then baked in an oven 
at 96 oC for 30 minutes. Samples were then placed in ‘soft contact’ with a chrome mask, 
through which rows of 350 µm diameter circular Schottky contacts were patterned onto the 
resist by a 20 s UV exposure. The circular patterns were then developed using tetramethyl 
ammonium hydroxide (TMAH) for 20 s, followed by a final rinse in de-ionised H2O and drying 
in N2. A thin film of the appropriate Schottky metal, approximately 50 nm in thickness, was 
deposited by either thermal evaporation (Au and Ag) or electron beam evaporation (Pd and Pt). 
Electron beam evaporation was used for Pd and Pt due to their high melting points (1552 and 
1772 oC) respectively compared to Ag (962 oC) and Au (1064 oC). The metal film was then 
Table 4.1: Room temperature electrical properties of melt grown wafers from Cermet Inc. 
characterised by single field (0.51 T) Hall effect measurements using the van der Pauw technique.
Cermet Wafer n(cm-3)
µ
(cm2V-1s-1)
Zn-polar
O-polar
3.5 x 1016
3.0 x 1016
230
205
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lifted off from the unpatterned areas by removing the underlying unexposed photoresist with 
ultrasonically agitated acetone. The ohmic contacts consisted of Ti/Al/Pt/Au annular rings of 
inside diameter 400 µm, outside diameter 600 µm, fabricated using the same lift off technique. 
All four metals in the ohmic contact were deposited consecutively by electron beam 
evaporation using a four crucible carousel. The Schottky contact area was 9.62 x 10-3 cm2 and 
the radial gap to the ohmic contact was 25 µm. In this way, rows of identical Pd, Ag, Au, and 
Pt Schottky diodes were fabricated over the same relatively small area of each wafer in an 
attempt to minimise the effect of variations in surface morphology (see Figure 4.3).
Figure 4.4 shows the typical I–V characteristics of the Pd, Pt, Au, and Ag Schottky diodes 
on both the Zn-polar and O-polar melt grown wafers. All measurements were conducted in 
dark conditions and at room temperature, using a HP4155A parameter analyser. These I–V 
characteristics showed no significant polarity difference for the Au and Ag diodes; however, 
the reverse leakage currents for the Pd and Pt diodes were significantly lower on the O-polar 
surface. Table 4.2 gives a summary of the I–V and C–V results (taken at 100 kHz using a Philips 
PM6304 RCL meter) for each Schottky metal and surface polarity. The series resistance Rs of 
all diodes was approximately 25 Ω. No significant difference in barrier height was evident for 
the Au and Ag diodes, although the ideality factors were slightly lower on the O-polar surface. 
A clear polarity effect was observed for the Pd and Pt diodes with significantly higher barrier 
heights, lower ideality factors, and lower reverse currents on the O-polar surface. The Ag 
diodes produced the highest Schottky barriers, which is surprising given that Ag has by far the 
lowest work function (see Figure 4.1) and should, according to the Schottky – Mott model, give 
the lowest barrier.
Figure 4.3.   Arrays of planar Au, Ag, Pd, and Pt diodes fabricated on the Zn-polar surface of a 
melt grown, bulk, single crystal wafer from Cermet Inc.
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Figure 4.4.   Typical room temperature I–V characteristics of various planar metal Schottky diodes on 
single-sided polished Zn-polar and O-polar melt grown, bulk ZnO wafers.
Table 4.2: Planar metal Schottky diode parameters on single-sided polished Zn-polar and O-polar melt 
grown, bulk ZnO wafers determined from I–V and C–V measurements. [ideality factor (η), barrier 
height (ΦB,I-V), and the rectifying ratio (RR) at ± 1 V from I–V measurements and barrier height 
(ΦB,C-V) from C–V measurements at a frequency of 100 kHz].
Schottky 
Metal
Surface 
Polarity η
ΦB,I-V
(eV) RR (± 1 V)
ΦB,C-V
(eV)
Pd Zn-polarO-polar
2.0
1.2
0.55
0.59
300
1.3 x 104
-
0.59
Pt Zn-polarO-polar
2.0
1.2
0.55
0.68
600
1.6 x 105
-
0.72
Au Zn-polarO-polar
1.4
1.1
0.71
0.69
3.8 x 104
3.0 x 105
0.70
0.70
Ag Zn-polarO-polar
1.2
1.1
0.78
0.77
1.3 x 106
4.0 x 106
0.80
0.80
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To investigate the anomalously high barriers for Ag contacts, a further series of Ag diodes 
were fabricated on additional parts of the same Zn-polar and O-polar wafers. Even more 
surprisingly, some of these additional Ag contacts showed even better rectifying I–V 
characteristics, with barrier heights varying from 0.77 to 1.02 eV. The I–V characteristics of the 
diodes with the highest barriers are shown in Figure 4.5 and summarised in Table 4.3. 
Observations using an optical microscope showed that the highest rectifying Ag contacts 
showed clear signs of oxidation. This, coupled with the observation that the performance of 
many Ag Schottky diodes tended to ‘improve with age’, suggests that chemical reactions 
resulting in the formation of silver oxide may play a role in the Ag contacts.
Further evidence for the role of chemical reactions was provided by the dramatic 
improvement with time in the rectifying properties of certain of the silver contacts on the 
O-polar wafer as shown in Figures 4.6 and 4.7. Immediately after fabrication these silver 
contacts has very poor properties, with a rectifying ratio at ± 1V of only ~ 3. However, after 
storage at room temperature for 6 months, the contacts had changed from a metallic silver 
appearance to a brown oxidised colour, and the rectifying ratio had increased by approximately 
5 orders of magnitude.
Figure 4.5.   Room temperature I–V characteristics for the best Ag Schottky contacts on single-sided 
polished Zn-polar and O-polar melt grown, bulk ZnO wafers.
Table 4.3: Schottky contact parameters for the best Ag Schottky contacts on single-sided polished 
Zn-polar and O-polar melt grown, bulk ZnO wafers determined from I–V and C–V measurements.
Surface 
Polarity η
ΦB,I-V 
(eV) RR (± 1 V)
ΦB,C-V 
(eV)
Zn-polar
O-polar
1.2
1.1
1.02
0.88
1 x 107
1 x 109
1.00
0.98
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The forward current I–V characteristics of these ‘aged’ diodes could not be fitted by a 
single exponential function, indicating the presence of more than one barrier and suggesting 
that the oxidation was inhomogeneous and/or incomplete. Approximate values of ΦB,I-V and η
of 0.70 eV and 1.5 respectively, were obtained from Figure 4.7(a), while a value of ΦB,C-V = 
0.90 eV (using ΦB,C-V = qVbi + ξ) was determined from C–V characteristics at 20 kHz [see 
Figure 4.7(b)]. Significantly larger values of ΦB,C-V compared ΦB,I-V are usually indicative of 
an inhomogeneous contact [28]. An age-related improvement in Ag and Au Schottky contacts 
to ZnO has also been observed by other researchers [86].
Figure 4.6.   Silver Schottky contacts on the O-polar face of melt grown, bulk ZnO, (a) after fabrication 
and, (b) after 6 months aging.
Figure 4.7.   (a) typical I–V characteristics of certain silver Schottky contacts, after fabrication and after 
6 months aging, on the O-polar face of melt grown, bulk ZnO, and (b) typical C–V characteristics of the 
‘aged’ silver oxide contacts, measured using a frequency of 20 kHz.
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4.3.2   Experiment I Conclusions
The initial experiment involving planar Pd, Pt, Au, and Ag Schottky contacts on 
single-sided polished Zn-polar and O-polar melt grown, bulk ZnO wafers yielded a number of 
interesting findings which form the starting point for the rest of the experiments in this chapter. 
Specifically these were:
1)   The polarity of the ZnO surface appears to have a measureable influence on 
the properties of Schottky contacts;
2)   The highest barriers were achieved with Ag as the Schottky metal, which is 
surprising given that Ag has the lowest work function of the metals used;
3)   The barrier height of Ag contacts showed a wide variation (0.77 – 1.02 eV), 
with the highest barriers on contacts that were visibly oxidised.
4.4    EXPERIMENT II - Au Contacts on Zn-polar Hydrothermal ZnO
The next experiment involved the fabrication of planar Au Schottky diodes on the 
Zn-polar face of three double-sided polished, hydrothermally grown, bulk, c-axis ZnO wafers 
from Tokyo Denpa Co. Ltd (Japan), which will be referred to as wafers A1, A2, and A3. The 
room temperature carrier concentration and mobility of these wafers were 2.5 – 3.0 x 1014 cm-3
and 190 – 200 cm2V-1s-1. Arrays of Au Schottky diodes were fabricated on each wafer. In each 
case, the fabrication method was identical to that already described in Section 4.3.1 —a simple 
organic solvent clean, UV photoresist patterning using TMAH developer, thermal evaporation 
of Au, and ultrasonically assisted lift off using acetone. As the thickness of the Au Schottky 
contact was only 20 – 25 nm, an additional 150 µm diameter Au contact pad was added to avoid 
damage from the probe contacts used in electrical characterisation.
Figure 4.8.   Au Schottky diodes on the Zn-polar face of hydrothermal bulk ZnO from Tokyo Denpa 
Co. Ltd. (Japan).
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Figure 4.9(a) shows typical I–V characteristics of the Au Schottky diodes on the Zn-polar 
face of wafer A1. An aging effect was again observed, in that the rectifying performance (in 
terms of ΦB) of the Au diodes increased slightly on re-testing after 1 month, while subsequent 
later testing produced no further improvement. Figure 4.9(b) shows an effective barrier height 
(ΦB) versus ideality factor plot (η) for multiple Au diodes on wafer A1. The best Au diodes 
had ideality factors < 1.02, which is close to the image force controlled limit ηif of 1.007, 
calculated using Equations (2.20) and (2.21). Using the method of Mönch [26] described in 
Section 2.5.1, this ΦB versus η plot can be extrapolated to ηif to give eV which 
can then be corrected for image force lowering eV [Equation (2.20)] to 
determine a value for the image-force-corrected homogenous barrier height 
eV for Au contacts on the Zn-polar face of hydrothermal ZnO. This value is 
important as it allows a meaningful comparision with the theoretical models of Schottky 
Figure 4.9.   (a) Typical I–V characteristics of Au Schottky contacts, after fabrication, and after one 
month, on the Zn-polar face of hydrothermal, bulk ZnO wafer A1; (b) ΦB versus η plot for multiple Au 
diodes on wafer A1; and (c) Typical I–V characteristics of Au Schottky contacts on the Zn-polar face of 
hydrothermal, bulk ZnO wafers A2 and A3.
ΦBi f 0.83=
δΦB 0.02=
ΦBhom∗ 0.85=
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contact formation, whereas the barriers of inhomogenous contacts are lowered by factors such 
as surface contamination and extrinsic defects which are not included in these models.
In sharp contrast, all the Au diodes fabricated on the Zn-polar face of wafers A2 and A3 
were perfectly ohmic in nature. This represents a remarkable difference in performance for Au 
contacts fabricated in the same way, on the same face, of similar high quality bulk wafers. It is 
especially surprising that one set of Au contacts gave almost ideal Schottky behavior with ~ 7 
orders of magnitude of rectification (at ± 1V), while the others showed no rectifying behavior 
at all, even after 6 months in storage. To investigate this further, room temperature 
cathodoluminescence (CL) spectra were measured by collaborators at Waseda University, 
Tokyo, Japan from the bare surface of wafers A1 and A2 and from underneath the respective 
Schottky and ohmic Au contacts. The use of depth resolved cathodoluminescence in assessing 
the defects introduced by Schottky metalisation to ZnO has been developed by Mosbacker et 
al. [78].
For the CL measurements shown in Figure 4.10, an incident electron beam of energy EB
= 3.6 keV and beam current IB = 7 x 10-10 A was used to examine the bare Zn-polar ZnO 
surface, while an electron beam of EB = 5.6 keV and IB = 7 x 10-10 A was used to probe 
underneath the Au contacts. Monte Carlo simulation of the electron cascade generated by the 
CL beam indicates that for a 3.6 keV beam, peak electron-hole (e-h) pair creation occurs at 
depths of 55 - 85 nm below the ZnO surface [67]. Furthermore, a 5.6 keV electron beam 
through a 20 – 25 nm Au film, and a 3.6 keV beam directly into the ZnO surface should give 
comparable peak e-h pair creation depths [67]. All spectra were taken at room temperature and 
are shown without normalisation. The dominant peak with a maximum at ~ 3.3 eV is from near 
Figure 4.10.   Room temperature cathodoluminescence spectra (logarithmic scale) from the bare ZnO 
surface and underneath (a) Schottky, and (b) ohmic Au contacts on the Zn-polar face of hydrothermally 
grown, bulk ZnO wafers A1 and A2.
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band edge (NBE) emission while the broader peak with a maximum at ~ 2.45 eV is due to 
transitions involving defect levels (DL) in the band gap. For each spectrum, the integrated 
intensity of the NBE and DL emission was calculated and expressed as the fraction IDL / INBE. 
The bare surface spectra for both wafer A1 and A2 was very similar with IDL / INBE = 0.038 
and 0.040 respectively, indicating similar near-surface defect densities, at least for optically 
active defects. The CL spectrum through the Schottky Au contact on wafer A1 [Figure 4.10(a)] 
showed an increase in defect band emission to IDL / INBE = 0.10, which may be due to extra 
defects created by the Au metalisation. The total intensity of the emission through the Au 
contact on wafer A2 was less than that for wafer A1, due to a small difference in the relative 
thickness of the Au contacts. However, the defect band intensity through the ohmic Au contact 
on wafer A2 was IDL / INBE = 0.12 which is almost identical to that through the Schottky Au 
contact on wafer A1.
These CL results indicate that the relative intensity of the defect band emission is similar 
through both the Schottky and ohmic Au contacts. Therefore, it is reasonable to conclude that 
the dramatic difference in the electrical behaviour of the Au contacts on wafers A1 and A2/A3 
must be due to something more fundamental than a small difference in the concentration of 
metal-induced surface defects, which might be expected to degrade the rectifying performance 
of the contact rather than cause it to become completely ohmic. Instead, the following 
explanation is proposed: it was shown in Section 3.3 that, in the vacuum conditions prior to 
thermal Au deposition, the Zn-polar face of hydrothermally grown, bulk ZnO has a heavy 
surface accumulation layer due to a hydroxide termination. If either the kinetic energy of the 
incident Au atoms or collateral radiation from evaporation is sufficient to remove the 
hydroxide termination, then the accumulation layer will disappear and a high quality Schottky 
contact will be created. However, if the Au atoms are deposited on top of the hydroxyl groups, 
then the highly conductive accumulation layer remains in place, allowing electrons to tunnel 
directly through the Au contact which becomes ohmic in nature. While it is acknowledged that 
this explanation is speculative, the hydroxide termination / surface accumulation layer is 
known to exist [45] and the earlier review of oxidation pre-treatments showed that 
improvement in Schottky contact performance is nearly always accompanied by a significant 
reduction in surface hydroxide concentration.
This possible explanation will be referred to as the ‘de-hydrogenation model’ and is 
illustrated in Figure 4.11. Two alternative final Schottky interfaces are shown: the first version 
corresponds to the replacement of hydroxyl (OH) groups from the Zn-polar ZnO surface and 
the formation of Au–Zn bonds, while in the second version, the O–H bond of the hydroxyl 
group is broken, resulting in the removal of just H atoms and the formation of Au–O bonds. 
Some Au–O bonding may also occur in version 1 as the outermost Zn and O atomic planes are 
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closely stacked. Dong and Brillson [89] have reported first-principles calculations based on 
density functional theory for Ag and Au ZnO interfaces. Their results showed that metal–Zn 
bonding tended to produce ohmic contacts while metal–O bonding gave Schottky-like 
behaviour. They found that when metal Zn–bonds form, the Schottky barrier height decreases 
and the Fermi level is pushed towards the conduction band minimum. This theoretical study 
suggests that version 2 (Figure 4.11) for the Au Schottky interface on the Zn-polar face is more 
likely.
Figure 4.11.   ‘De-hydrogenation model’ – possible explanation of the anomalous formation of ohmic 
contacts and ‘almost ideal’ Schottky contacts on similar Zn-polar, hydrothermal bulk ZnO wafers.
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It is also possible that a slow “de-hydrogenation” could explain the dramatic age–related 
rectifying conversion of the ‘almost ohmic’ Ag Schottky contacts described in Section 4.3. 
This situation is more complicated, in that the composition of the contacts also changed with 
time as they oxidised, so in addition to hydroxide/hydrogen removal, there could also be an 
increase in the work function of the contacts and the diffusion of oxygen to the Schottky 
interface. Since the O-polar face of ZnO was involved, H rather than OH removal is much more 
likely, as the latter would involve the breaking of three O–Zn bonds against only a single O–H 
bond for H removal. Interestingly, Fukutani et al. [91] showed that the deposition of Ag atoms 
onto the hydrogen (1x1) terminated Si(111) surface at 360 K causes H desorption from the 
surface, and also that H can be desorbed from a cryogenically deposited Si–H–Ag interface by 
annealing at 300 K. Therefore, it is not difficult to imagine a similar situation for the H 
terminated O-polar ZnO face (see Figure 4.12) provided the O–Ag bond is energetically more 
favourable than the O–H bond.
.
Figure 4.12.   Possible age-related conversion from ohmic to Schottky behaviour of Ag contacts, 
following H desorption from the hydrogen terminated O-polar surface of ZnO.
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4.5    EXPERIMENT III - Ag Contacts on Zn-polar Hydrothermal ZnO
An array of planar Ag Schottky contacts was also fabricated on wafer A1, using the same 
organic surface cleaning and photolithographic method as before. The Ag film was deposited 
by thermal evaporation. Figure 4.13(a) shows the typical I–V characteristics of the resulting 
diodes, while Figure 4.13(b) shows the ΦB vs η plot for multiple diodes. The best Ag diodes 
had very low ideality factors, close to the image force limit ηif = 1.007. Using the same 
procedure as before, the ΦB vs η plot was used to determine the image-force-corrected, 
homogenous barrier height eV for Ag contacts on Zn-polar, hydrothermal 
ZnO.
4.6    EXPERIMENT IV - Ir Contacts on Zn-polar Hydrothermal ZnO
Iridium Schottky contacts were photolithographically fabricated on the Zn-polar face of 
a new hydrothermally grown wafer, wafer A4, from Tokyo Denpa Co. Ltd., which was again 
given only a simple organic solvent pre-clean. The carrier concentration and mobility of this 
wafer was 1 x 1013 cm-3 and 210 cm2V-1s-1 from single field (0.51 T) Hall effect 
measurements. Due to its very high melting point (2466 oC), the Ir contacts were deposited by 
e-beam evaporation using an amorphous carbon crucible. Figure 4.14(a) shows the typical I–V
characteristics of the as-deposited Ir contacts, which were poorly rectifying with a rectifying 
ratio (± 1V) of only ~ 10. These contacts were subsequently post-annealed at 150 oC for 90 
minutes in oxygen gas. The typical I–V characteristics of the annealed Ir diodes 
[Figure 4.14(a)] showed ~ 5 orders of magnitude improvement in rectifying performance. 
Figure 4.14(b) shows a ΦB vs η plot for multiple annealed Ir Schottky contacts. Although the 
Figure 4.13.   Ag Schottky contacts on the Zn-polar face of hydrothermally grown, bulk ZnO wafer A1.
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ideality factors were > 1.1, this plot could still be extrapolated to ηif = 1.004 to determine a 
homogenous barrier height, eV, for Ir contacts on Zn-polar, hydrothermal 
ZnO. Subsequently, a separate array of Ir Schottky diodes was fabricated by the eclipse pulse 
laser deposition method, described in Chapter 5, on the Zn-polar face of a separate, organic 
solvent cleaned, hydrothermal, bulk ZnO wafer from the same manufacturer. Typical I–V
characteristics and a ΦB vs η plot for these diodes (as deposited and not annealed) is shown in 
Figure 4.15. These contacts had extremely low ideality factors and the ΦB vs η plot was 
consistent with the value of eV determined above.
 
Figure 4.14.    (a) Typical I–V characteristics of Ir Schottky contacts deposited by electron beam 
evaporation on the Zn-polar face of hydrothermal bulk ZnO, before and after annealing at 150oC in O2, 
and (b) ΦB vs η plot for multiple annealed Ir Schottky contacts.
Figure 4.15.   (a) Typical I–V characteristics of Ir Schottky contacts deposited by eclipse-PLD on the 
Zn-polar face of hydrothermal bulk ZnO, and (b) ΦB vs η plot for multiple eclipse-PLD Ir Schottky 
contacts
ΦBhom∗ 1.00=
ΦBhom∗ 1.00=
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4.7    EXPERIMENTS II – IV SUMMARY
4.7.1   Key Findings
Experiments II – IV concerned the fabrication of Au, Ag, and Ir Schottky contacts on the 
Zn-polar face of hydrothermally grown bulk ZnO from Tokyo Denpa Co. Ltd (Japan). The key 
findings were:
1)   Almost ideal’ Au, Ag, and Ir Schottky contacts (ideality factors < 1.02) were 
fabricated on the Zn-polar face of hydrothermally grown, bulk ZnO with just 
a simple organic solvent pre-clean and without the need for any special oxi-
dising surface treatments.
2)   These are the best reported results for Au, Ag, and Ir Schottky barriers to 
ZnO (see Figure 4.2). However these ‘almost ideal’ results could not be con-
sistently reproduced on subsequent hydrothermal wafers, and in fact the 
majority of subsequent Au contacts were completely ohmic in nature. A com-
parison of CL spectra taken through both Schottky and ohmic Au contacts 
showed no significant difference in the CL emission from near surface 
defects. 
3)   ΦB versus η plots from arrays of multiple diodes were used to obtain the 
image-force-corrected, homogeneous barrier heights, , for Au, Ag, 
and Ir Schottky contacts on the Zn-polar face of hydrothermal, bulk ZnO. 
These can be meaningfully compared to the predictions of theoretical 
Schottky models. All previous ZnO Schottky contact reports in the literature 
have involved single diode results.
4)   Au Schottky contacts that were almost ideal (η < 1.02) after fabrication 
showed a ~ 50 meV (~ 6%) improvement in barrier height after 1 month.
5)   Poorly rectifying Ir contacts which were annealed at 150 oC in O2 showed a 
dramatic (5 orders of magnitude) improvement in rectifying properties.
4.7.2   Discussion
Published studies of ‘oxidation’ pre-treatments on the ZnO surface have emphasized the 
correlation between improvements in Schottky contact performance and a reduction in surface 
hydroxide concentration. These improvements have usually involved a conversion from ohmic 
to rectifying behaviour, although the resulting Schottky contacts often had relatively high 
ΦBhom∗
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values of η, even on bulk ZnO, suggesting that the oxidation treatment was either incomplete 
or caused some kind of surface damage. Finding (1) suggests that hydroxide removal can occur 
on Schottky metal deposition without any oxidation treatment whatsoever, while finding (2) 
indicates that certain conditions (e.g. metal deposition rate or the kinetic energy of incident 
metal atoms) may be needed for this to occur.
Finding (4), the ~ 50 meV increase in barrier height of very low ideality factor Au 
Schottky contacts with time, suggests that chemical reactions at the metal – ZnO interface may 
provide additional electric dipole contributions to the barrier height. The dramatic 
improvement of poorly rectifying Schottky contacts with time or annealing in oxygen [finding 
(5)], suggests that H or O–H bonds at the metal – ZnO interface can be broken by post 
deposition chemical reactions and/or that defects in the Schottky interface can be passivated by 
oxygen diffusion.
4.7.3   Comparison with Schottky Contact Models
The experimentally determined, image-force-corrected, homogeneous barrier heights 
 for Au, Ag, and Ir Schottky contacts on the Zn-polar face of hydrothermal bulk ZnO, 
from Experiments II – IV, are summarised in Table 4.4. The remaining literature reports for 
Schottky contacts to hydrothermally grown, bulk ZnO are shown in Table 4.5. The only metal 
Schottky contact report to Zn-polar ZnO with a reasonably low ideality factor is that for Pt 
measured by Endo et al. [94]. This is a single diode result, which is not low enough on its own 
to determine an accurate value of  for Pt. However, it can be used to provide an 
indication of the range in which the  value for Pt might be reasonably expected to occur.
Table 4.4: Image force corrected, homogeneous barrier heights for Ag, Au, and Ir Schottky contacts 
on the Zn-polar face of hydrothermally grown, bulk ZnO. Pauling and Miedema electronegative 
values are given for each metal. The electron affinity and Miedema electronegativity for ZnO was 
assumed to be 4.25 eV and 5.51 respectively. 
Schottky 
Metal (eV) φM (eV)
ΧΜ
Pauling
ΧM
Miedema
φM - χZnO
(eV)
ΧM - ΧZnO
Miedema
Ag 0.74 4.7 1.93 4.45 0.35 -1.1
Au 0.85 5.1 2.54 5.15 0.85 -0.4
Ir 1.00 5.27 2.20 5.55 1.02 0
ΦBhom∗
ΦBhom∗
ΦBhom∗
ΦBhom∗
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The data in Table 4.4 was used to construct an image-force-corrected, homogeneous 
barrier height  versus metal work function (φM) plot (Figure 4.16) for Ag, Au, and Ir 
Schottky contacts to Zn-polar hydrothermal ZnO. Figure 4.16 also shows the relationship 
predicted by (a) the Schottky – Mott model, , and (b) the chemical bond 
polarisation (CBP) model, , using the SΦ value of 0.419 
published by Tung [29]. A value of 4.25 eV for the electron affinity (χZnO) of ZnO was used 
in both cases, which is in the middle of the 4.1 – 4.4 eV range quoted in the literature [95, 96]. 
The Schottky – Mott model appears to be a good fit to this limited data set with the exception 
of Ag. The work function of Ag is known to vary significantly, between 4.26 and 4.74 eV 
[97,98], with crystal orientation but would need to be ~ 4.95 eV to fit the Schottky – Mott 
relationship, which is possible only if the contact was partially oxidised. The predicted value 
of  for Pt (work function 5.65 eV) from the Schottky – Mott relationship is indicated in 
Figure 4.16. This is ~ 1.4 eV, which is very high compared to the ΦB value of 0.96 eV (η = 1.1) 
published by Endo et al. [94]. The prediction for Pt is an important test of the Schottky – Mott 
model as its work function is significantly higher than the other common Schottky metals. 
Even though the ΦB value published by Endo et al. is for a single diode with η > ηif , it seems 
unlikely (considering the ΦB versus η relationships for the other metals) that  for Pt will 
be close to the value of ~ 1.4 eV predicted by the Schottky – Mott model.
The  versus φM relationship predicted by the CBP model significantly 
overestimates the experimental data for Ag, Au, and Ir. However, this is based on the SΦ value 
published by Tung [29] which involves historical results for ‘non-ideal’ diodes with values of 
Table 4.5: Best literature reports of Schottky contacts to hydrothermally grown ZnO.
Metal Surface Polarity Surface Treatment η
ΦB,IV 
(eV) Ref.
Pt Zn-polarO-polar IPA ultrasound
1.1
3.1
0.96
0.6
Endo et al. (2007) 
[94]
Pt O-polar pulsed KrF laser + O2 1.77 0.73 Oh et al. (2007) [90]
Pd O-polar organic solvents 1.03 0.83 Grossner et al. (2004) [92]
Pd O-polar H2O2 1.8 - Schifano et al. (2007) [84]
Ir O-polar remote O/He plasma 1.58 0.69 Mosbacker et al. (2007) [78]
PEDOT:PSS
polymer Zn-polar
dil. HCl + organic 
solvents + UV ozone 1.2 0.90
Nakano et al.
(2007) [88]
ΦBhom∗( )
ΦM φM χZnO–=
ΦB SΦ φM χS–( ) 1 SΦ–( )Eg 2⁄+=
ΦBhom∗
ΦBhom∗
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η > ηif . Even taking this into account, the CBP model only gives a good fit to the data in the 
limit of , for which the CBP model approaches the Schottky – Mott model. The 
problem with the CBP model is its prediction that any Fermi level pinning at the Schottky 
interface will be directed towards the middle of the band gap. For wide band gap 
semiconductors, such as ZnO and GaN, this results in much higher predicted values of  
than experimentally observed [33].
Figure 4.17 shows the Ag, Au, and Ir data in the form of a  versus metal Miedema 
electronegativity (XM) plot, of the type used by Mönch to compare experimental data with the 
MIGS model [33]. The MIGS model predicts that  where Φbp 
is the branch point potential with reference to the conduction band minimum. Mönch published 
a value for Φbp of 0.3 eV from an analysis of experimental valence band offsets reported for 
various ZnO heterostructures [35]. This is surprisingly low compared to other II–VI 
semiconductors [33] e.g. 1.6 eV [ZnS], 1.2 eV [ZnSe], 1.25 eV [ZnTe] and other wide band 
gap materials, e.g. 1.0 eV [GaN], 1.6 eV [SiC]. It is also suspiciously close to the E3/E3’ defect 
level which has been shown to dominate the room temperature conductivity of hydrothermal 
ZnO [99], whereas the MIGS model only applies to defect free interfaces. The 
electronegativity of ZnO is another adjustable parameter in the MIGS model; the usual 
approach for binary semiconductors is to use the geometric mean of the atomic 
electronegativities. In the case of ZnO, XZn = 4.05 and XO = 7.51, which would give XZnO = 
(XZn.XO)1/2 = 5.51 (Miedema units). However the Zn-polar [O-polar] faces of ZnO consist of 
outer atomic planes composed entirely of Zn [O] atoms, and so the electronegativity of ZnO is 
likely to be different on the two polar faces. The geometric mean is more likely to correspond 
to the electronegativity of the non-polar, m-plane and a-plane faces, which have an equal 
number of Zn and O atoms. The electronegativity of the Zn-polar face is likely to be 
somewhere between the geometric mean, 5.51, and the value for Zn atoms, 4.05.
Figure 4.17 shows three alternatives for the  versus XM relationship predicted by 
the MIGS model, with different values for Φbp and XZnO: (a) Φbp = 0.3 eV, XZnO= 5.51, (b) Φbp 
= 0.3 eV, XZnO = 4.05, and (c) Φbp = 1.0 eV, XZnO = 5.51. Relationships (a) and (b) use the 
experimental value of Φbp published by Mönch with XZnO values corresponding to (a) the 
geometric mean of Zn and O atoms, and (b) Zn atoms only. Neither of these is a good fit to the 
experimental data. For a better fit, a larger value of Φbp is required and prediction (c) shows 
the MIGS relationship with Φbp = 1.0 eV. At present, there is no justification for this value apart 
from the fact that it is more in line with those for other II–VI and wide band gap 
semiconductors. However, it does give a predicted value for Pt (XM = 5.65) of ~ 1.05 eV which 
is more in line with the ΦB value of 0.96 eV (η = 1.1) published by Endo et al. [94]
SΦ 1→
ΦBhom∗
ΦBhom∗
ΦB Φbp 0.375 XM XZnO–( )+=
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Figure 4.16.   Image force corrected, homogeneous barrier height for Ag, Au, and Ir versus metal work 
function, compared to the predictions of the Schottky – Mott and chemical bond polarisation (CBP) 
models.
Figure 4.17.   Image-force-corrected, homogeneous barrier height for Ag, Au, and Ir versus metal 
electronegativity (Miedema scale), compared to the predictions of the MIGS model for various values 
of the parameters Φbp and XZnO .
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In conclusion, values of  for Ag, Au, and Ir Schottky contacts to the Zn-polar face 
of hydrothermal ZnO have been compared to the Schottky – Mott, CBP, and MIGS models. 
Although this is only a limited data set, it has been derived from ‘almost ideal’ Schottky 
contacts with values of  and on the same face, of the same type, of ZnO material. This 
represents a significant improvement on previous comparisons, with the results suggesting that 
the MIGS model may provide the best agreement with the experimental  data for plain 
metal Schottky contacts to ZnO, provided the branch point energy for ZnO is significantly 
lower in the band gap than previously published [35].
ΦBhom∗
η ηi f≈
ΦBhom∗
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Chapter 5
Metal Oxide Schottky Contacts 
Initial investigations into metal Schottky contacts to n-type ZnO revealed that the 
oxidation of silver contacts could result in significant improvements in their rectifying 
performance. Further observations of age-related improvements in both silver and gold 
Schottky contacts suggested that chemical reactions at the metal–ZnO interface may play an 
important role in Schottky contact formation. In this chapter, reactive oxygen ambients were 
used to deliberately fabricate metal oxide Schottky contacts on hydrothermal and melt grown 
bulk ZnO wafers. Schottky contacts involving silver, iridium, and platinum oxides were found 
to consistently produce very high quality rectifying barriers to n-type ZnO and may form the 
basis of a reliable Schottky contact fabrication technology.
Metal oxide Schottky diodes with both planar and vertical contact geometry were 
fabricated using the same photolithographic method as described earlier. The only substrate 
pre-treatment employed was an ultrasonically assisted clean in organic solvents.
5.1   SILVER OXIDE GROWTH
Reactive r.f. sputtering was used to grow a series of 80 nm thick, silver oxide films on 
organic solvent cleaned, quartz substrates (10 mm x 10 mm x 0.5 mm). Sputtering is a vacuum 
based vapour deposition technique in which particles (atoms and atomic clusters) are ejected 
from a target by the bombardment of accelerated inert gas ions (usually argon ions) created in 
a r.f. or d.c. plasma. Reactive sputtering involves the addition of a second non-inert gas, such 
as oxygen, which reacts with the ejected particles, either through in-flight collisions or on the 
substrate itself. A third reaction site is the sputtering target, which can lead to significant 
changes in its surface composition, known as target poisoning. To avoid this the target was 
thoroughly pre-sputtered in an argon-only atmosphere before each growth to remove ~ 200 nm 
of the target surface.
For the silver oxide growth, a 76.2 mm diameter x 6.35 mm thick silver target (purity 
>99.99%) was used in the r.f. source of a B.O.C. Edwards r.f./d.c. magnetron sputterer. The 
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vacuum chamber was pumped down to a base pressure of ~ 1 x 10-5 mbar before processing. 
The processing gas consisted of an argon/oxygen gas mixture in which the argon flow was 
fixed at 10.00 sccm (where sccm denotes cubic centimeter per minute at standard temperature 
and pressure) and the oxygen flow rate was varied from 0 to 2.40 sccm. Each film was grown 
for 5 minutes at an r.f. power of 50 W and a processing pressure of ~ 4 x 10-3 mbar. The silver 
oxide films resulting from a compositional sweep with oxygen flow rates from 1.05 to 2.40 
sccm are shown in Figure 5.1. 
5.1.1    Compositional Analysis
All the silver oxide films were significantly different in appearance to that of a highly 
reflective, pure metallic silver film of the same thickness. The films grown with low O2 flow 
rates were greyish in appearance, while those grown with higher O2 flow rates were brown. The 
1.45 and 1.70 sccm O2 flow rate films had a yellow/brown appearance and were the most 
transparent. The composition of these films was investigated by XPS using the Kratos XSAM 
instrument at the University of Auckland. Figure 5.2 (a) shows a survey scan collected from 
the as-grown surface of the ‘1.70 sccm O2’ silver oxide film. The surface of this film was 
heavily oxidised due to post-growth exposure to air, with an O/Ag atomic fraction of 0.792, 
close to the value of 0.75 reported for Ag2O reference powders [110, 111]. Figure 5.2(b) shows 
a re-measured survey scan taken after the film was in-situ sputtered for 4 minutes using a 2.4 
keV Ar ion source to remove the heavily oxidised surface layers. No silicon was detected 
indicating that the quartz substrate was not being sampled. The surface carbon contamination 
was completely removed and a decrease in the O/Ag fraction to 0.104 was measured, which is 
more representative of the bulk of the film. Table 5.1 shows the bulk composition for the other 
silver oxide films in the series, determined in the same way.
Figure 5.1: Silver oxide films grown by reactive r.f. sputtering with a fixed Ar flow rate of 10.00 sccm 
and O2 flow rates from 1.05 – 2.40 sccm on 10 mm x 10 mm x 0.5 mm quartz substrates.
5.1   SILVER OXIDE GROWTH 81
All the films in Table 5.1 were silver rich with O/Ag atomic fractions significantly less than 
the values of 0.33 and 0.50 expected for stoichiometric Ag2O and AgO films respectively. 
However, it is possible that the sputter cleaning may preferentially remove more of the lighter 
Figure 5.2: XPS survey scan spectra taken from (a) the as-grown surface, and (b) the surface after a 4 
minute argon ion sputter to remove the heavily oxidised surface layers of a silver oxide film grown with 
an O2 flow rate of 1.70 sccm.
Table 5.1: Composition of silver oxide films grown by reactive r.f. sputtering (50 W) of an Ag target 
with different Ar/O2 processing gas compositions. In each case, a fixed argon flow rate of 10.00 sccm 
was combined with different O2 flow rates. All films were sputter cleaned for 4 minutes using 2.4 keV 
Ar ions to remove the more heavily oxidised surface layers. 
O2 flow rate
(sccm) O/Ag fraction
1.05 0.062
1.25 0.065
1.45 0.075
1.70 0.104
1.90 0.125
2.10 0.153
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oxygen atoms from the films, in which case the measured O/Ag fractions in Table 5.1 may 
represent a lower limit. The 1.25, 1.45, and 1.70 sccm O2 flow rate silver oxide films were now 
used to fabricate Schottky contacts on hydrothermal, bulk ZnO.
5.1.2    Initial Silver Oxide Diodes
Planar Schottky diodes consisting of a 300 µm diameter, 80 nm thick silver oxide 
Schottky contact with a 25 mm annular separation to a Ti/Al/Pt ohmic ring contact were 
fabricated, using the photolithographic method described in Chapter 4, on the Zn-polar and 
O-polar faces of the same double-sided polished, hydrothermal, bulk, c-axis ZnO wafer. The 
carrier concentration and mobility of this wafer were 3 x 1014 cm-3 and 200 cm2V-1s-1
respectively, from single field (0.51 T) Hall effect measurements using the van der Pauw 
technique. The silver oxide contacts were fabricated using the reactive r.f. sputtering method 
described in Section 5.1, with O2 gas flow rates of 1.25, 1.45, and 1.70 sccm, and with the Ar 
gas flow fixed at 10.00 sccm. The resulting silver oxide films had low lateral conductivity and 
consequently a 30 nm platinum capping layer was added using electron beam evaporation. The 
effective barrier height (ΦB) and the ideality factor (η) for each diode was determined from its 
room temperature I–V characteristics, in dark conditions.
Figure 5.3 shows a ΦB versus η plot for the 1.25, 1.45, and 1.70 sccm O2 flow rate silver 
oxide Schottky diodes, which were each fabricated simultaneously on the Zn-polar and O-polar 
faces. On each polar face, the rectifying performance of the different silver oxide films was 
Figure 5.3: Effective barrier height (ΦB) versus ideality factor (η) plot for silver oxide Schottky diodes 
on the Zn-polar and O-polar faces of a hydrothermal, bulk, c-axis ZnO wafer (n = 3 x 1014 cm-3), 
fabricated by reactive r.f. sputtering using O2 flow rates of 1.25, 1.45, and 1.70 sccm.
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very similar, with no significant variation with composition in the 1.25 – 1.70 sccm O2 flow 
rate range. The decrease in ΦB with increasing η is due to the increasing lateral inhomogeneity 
of the contacts. Most of the silver oxide contacts formed high quality Schottky barriers with 
ideality factors < 1.10. A distinct surface polarity effect was evident, in that diodes fabricated 
on the Zn-polar face had significantly higher barrier heights than those on the O-polar face, 
with the best diodes on both faces having similarly low ideality factors.
Figures 5.4(a) and (b) shows the I–V characteristics typical of the best ‘1.70 sccm O2’ 
silver oxide diodes on the Zn-polar and O-polar faces. These showed rectifying ratios (at ± 2 
V) of more than 9 orders of magnitude, although this is probably an underestimate, especially 
for the Zn-polar face, as the reverse current had reached the noise level, ~ 50 – 100 fA, of the 
HP 4155A parameter analyser. Figures 5.4(c) and (d) show that η was independent of bias 
voltage for significant parts of the forward I–V curve, indicating that the silver oxide contacts 
had good lateral homogeneity. The increase in η at higher forward biases is due to the series 
resistance of the diodes, while the increase from 0 – 0.2 V on the Zn-polar face is possibly due 
to a shunt resistance effect or recombination in the depletion region.
Figure 5.4: Typical I–V characteristics of the best silver oxide Schottky diodes fabricated by reactive 
r.f. sputtering (using a 1.70 sccm O2 flow rate) on (a) the Zn-polar, and (b) the O-polar face of a 
hydrothermal, bulk, c-axis ZnO wafer; (c) and (d) are plots of ideality factor (η) versus forward bias for 
the I–V characteristics shown in (a) and (b) respectively.
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5.2   SILVER OXIDE SCHOTTKY CONTACTS ON BULK ZINC OXIDE
Following the initial success of silver oxide films in producing highly rectifying, low 
ideality factor Schottky contacts to hydrothermal bulk ZnO, a subsequent experiment was 
carried out in which arrays of silver oxide diodes were fabricated on the polar and non-polar 
faces of additional hydrothermal and melt bulk wafers. The following bulk ZnO wafers were 
used:
      HT-1 double side polished, hydrothermal c-axis wafer, cut to provide 
Zn-polar and O-polar samples.
      HT-2 double sided polished, hydrothermal m-plane wafer, one face of 
which was processed.
      M-1 melt c-axis wafer, single sided polished on the Zn-polar face.
      M-2 melt c-axis wafer, single sided polished on the O-polar face.
      M-3 melt a-plane wafer, single sided polished.
The electrical characteristics of these wafers, determined from single field (0.51 T) Hall effect 
measurements, are given in Table 5.2.
Arrays of planar diodes with 300 µm diameter, 80 nm thick silver oxide Schottky contacts 
(with a 30 nm platinum cap) were fabricated on each of these wafers, using the same reactive 
r.f. sputtering technique described before, but with a fixed O2 flow rate of 1.70 sccm. 
Figures 5.5 (a) and (b) show the I–V characteristics of the best silver oxide diodes on the 
hydrothermal and melt c-axis wafers. These I–V characteristics showed that the diodes on the 
melt ZnO have a much lower series resistance, which is expected due to their 2-3 orders of 
magnitude lower bulk resistivity. The forward bias I–V characteristics of the silver oxide diodes 
on melt ZnO also showed evidence of a slight ‘kink’ at ~ 0.65 V which may be due to the 
influence of more than one barrier.
Table 5.2: Electrical characterisation of hydrothermal and melt bulk ZnO wafers from single field 
(0.51 T) Hall effect measurements at room temperature, [carrier concentration (n), mobility (µ), and 
resistivity (ρ)].
Wafer n(cm-3)
µ
(cm2V-1s-1)
ρ
(Ωcm)
HT-1 c-axis 1.2 x 1014 190 300
HT-2 m-plane 2.5 x 1016 109 2.3
M-1 Zn-polar 1.1 x 1017 184 0.30
M-2 O-polar 7.4 x 1016 187 0.45
M-3 a-plane 5.3 x 1016 187 0.63
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Figures 5.5(c) and (d) show effective barrier height (ΦB) versus ideality factor (η) plots 
from the I–V characteristics of multiple diodes on each of the ZnO surfaces. The image force 
controlled ideality factors, ηif , for the hydrothermal and melt ZnO wafers have been included 
in these figures, using Equations (2.20) and (2.21). Significant, ZnO material related, 
differences can be seen in the ΦB versus η plots for hydrothermal and melt ZnO, especially for 
the Zn-polar and non-polar faces. Figure 5.5(c) confirms the previously observed polarity 
effect for hydrothermal ZnO with silver oxide diodes on the Zn-polar face having significantly 
higher barriers (by ~ 200 meV) than those on the O-polar face. The diodes on the non-polar, 
m-plane face had intermediate barrier heights between those on the two polar faces. A much 
smaller polarity effect was evident for the diodes on melt ZnO with a barrier height difference 
of ~ 50 meV between the Zn-polar and O-polar faces, with diodes on the non-polar, a-plane 
face, again having intermediate barrier heights. 
Figure 5.5: Typical I–V characteristics of the best silver oxide diodes on (a) the Zn-polar and O-polar 
face of hydrothermal, c-axis wafer HT-1, and (b) Zn-polar and O-polar melt, c-axis wafers M-1 and 
M-2. Effective barrier height (ΦB) versus ideality factor (η) plots for multiple silver oxide diodes on the 
polar and non-polar faces of (c) hydrothermal, and (d) melt bulk ZnO.
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For each of the ΦB versus η plots, there is a clear, linear trend with ΦB decreasing with 
increasing η. This is the expected decrease in ΦB due to increasing lateral inhomegeneity of 
the contacts. As in Chapter 4, these linear trends can be extrapolated to ηif to determine the 
image force controlled barrier height, , which can in turn be used to obtain the image force 
corrected, homogeneous barrier height , where δΦB is the image force 
lowering correction. The result of such an analysis is shown in Table 5.3 [173], which gives the 
values of ηif,  and for each of the ZnO faces. The image force correction for the 
diodes on hydrothermal ZnO is relatively small (~ 0.03 eV) due to its low carrier concentration. 
However, the correction for melt ZnO (~ 0.10 eV) increases the size of the  by almost 
10%. The values of for the different faces of melt ZnO now lie between the values for 
the polar faces of hydrothermal ZnO. Image force lowering also affects the reverse bias I–V
characteristics by introducing a voltage dependence in the reverse current. Figures 5.5(a) and 
(b) show that this dependence is much larger for the melt ZnO diodes, which is consistent with 
the greater influence of image force lowering.
Figure 5.5 also shows that the ideality factors of the best silver oxide diodes on 
hydrothermal ZnO, especially on the polar faces, are very close to the image force controlled 
limit, while the best diodes on melt ZnO have ideality factors which are still significantly larger 
than ηif. It is apparent that some other form of non-ideal behaviour, in addition to image force 
lowering, is taking place in the melt ZnO diodes. A possible candidate is thermionic field 
emission (TFE), described in Section 2.4.2. Table 5.3 also gives the tunneling parameter E00
and the ideality factor due to TFE, ηTFE, for each of the ZnO faces determined using Equations 
(2.22) and (2.24). TFE is negligible for hydrothermal ZnO since E00/kT << 1. TFE is more 
significant for melt ZnO due to its higher carrier concentration, but is still only expected to 
cause a modest increase in ideality factor. However the presence of traps, such as those 
Table 5.3: Image force corrections to the effective barrier heights on the polar and non-polar faces of 
hydrothermal and melt bulk ZnO.
Best Diode ηif  
(eV)
 
(eV)
 
(eV)
E00/kT
(at 300 K) ηTFE
HT-1 Zn-polar 1.01 1.20 0.03 1.23 0.005 1.000
HT-1 O-polar 1.01 1.00 0.03 1.03 0.005 1.000
HT-2 m-plane - 1.09 - - - -
M-1 Zn-polar 1.03 1.07 0.10 1.17 0.16 1.008
M-2 O-polar 1.03 1.01 0.10 1.11 0.13 1.006
M-3 a-plane 1.03 1.04 0.10 1.14 0.11 1.004
ΦBif δΦB ΦBhom
∗
ΦBif
ΦBhom
∗ ΦBif δΦB+=
ΦBif ΦBhom
∗
ΦBhom
∗
ΦBhom
∗
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generated by point defects, in the depletion region can significantly increase the tunneling 
probability and consequently the ideality factor, as a carrier can first tunnel into these traps and 
then through the barrier.
The C–V characteristics of the best diodes on the hydrothermal and melt c-axis wafers are 
shown in Figure 5.6. These are consistent with the polarity effects observed in the I–V
characteristics, in that there is a clear difference in the built-in voltage (Vbi) for diodes on the 
Zn-polar and O-polar faces of hydrothermal ZnO, and a much smaller difference for diodes on 
the polar faces of melt ZnO. The I–V and C–V characteristics of the best silver oxide diodes on 
hydrothermal and melt ZnO are summarised in Table 5.4. Good agreement was obtained 
between the barrier heights determined by I–V and C–V characterisation.
Figure 5.6: Typical C-V characteristics of the best planar silver oxide diodes on hydrothermal and melt 
c-axis, bulk ZnO wafers and the lines of best fit used to determine the values of Vbi.
Table 5.4: Electrical characteristics of the best silver oxide Schottky diodes on hydrothermal and melt, 
bulk ZnO wafers from room temperature I–V and C–V measurements, [ideality factor (η) and barrier 
height (ΦB,I-V) from I–V measurements; built-in potential (Vbi,C-V), barrier height (ΦB,C-V) and 
effective donor density (ND,C-V) from C–V measurements].
Best Diode η ΦB,I-V(eV)
Vbi,C-V
(V)
ΦB,C-V
(eV)
ND,C-V
(cm-3)
HT-1 Zn-polar 1.03 1.20 0.93 1.19 2.0 x 1015
HT-1 O-polar 1.04 0.99 0.78 1.04 2.3 x 1015
HT-2 m-plane 1.09 1.08 - - -
M-1 Zn-polar 1.14 1.03 0.94 1.02 1.5 x 1017
M-2 O-polar 1.10 0.98 0.89 0.99 2.1 x 1017
M-3 a-plane 1.10 1.02 - - -
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5.2.1    Breakdown Voltage 
The breakdown voltages of silver oxide diodes on the Zn-polar face of hydrothermal ZnO 
were determined from their extended reverse bias I–V characteristics. These are shown in 
Figures 5.7(a) and (b) for diodes on the Zn-polar face of two different hydrothermal ZnO 
wafers. The breakdown voltages were typically in the range of -40 V to -60 V. Similar values 
were also obtained for vertical geometry (see Section 5.5) silver oxide diodes, with the 
Schottky contact on the Zn-polar face of hydrothermal ZnO. These compare favourably with 
the values of 8.5 [7.0] V reported by Coppa et al. [45] for Au Schottky diodes on the remote 
plasma-cleaned, Zn-polar [O-polar] faces of SCVT bulk wafers (n = 1 x 1017 cm-3). However, 
the typical breakdown voltages of the silver oxide diodes are at least an order of magnitude less 
than those expected for a wide band gap semiconductor. This raises the question of whether the 
breakdown is occurring in the depletion region or at the Schottky interface.
The typical breakdown voltage of silver oxide diodes on the Zn-polar face of melt ZnO 
wafers is shown in Figure 5.7(b). Over several diodes tested, breakdown values were 
consistently in the -4 V to - 6 V range. The breakdown resulted in a severe, irreversible 
degradation in diode performance, in contrast to the ‘softer’ breakdown observed for the diodes 
on hydrothermal ZnO. This is probably related to the 2 – 3 orders of magnitude lower series 
resistance for the diodes on melt ZnO which allows much larger breakdown currents to flow. 
These low breakdown voltages are a little surprising given the excellent rectifying properties 
of these diodes. However, an explanation may lie in the structural properties of the silver oxide 
contacts.
Figure 5.7: (a) I–V characteristics showing the reverse breakdown of a planar silver oxide diode on a 
hydrothermal bulk ZnO wafer, and (b) a comparison of the reverse breakdown of planar silver oxide 
diodes on an additional hydrothermal bulk ZnO wafer and on a ‘melt’ bulk ZnO wafer. All diodes in (a) 
and (b) were fabricated on the Zn-polar face.
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Reactively sputtered silver oxide films have provided a breakthrough in terms of 
producing high barrier height, low ideality factor Schottky contacts to n-type ZnO with high 
levels of reproducibility and device yield. However, their breakdown voltages were 
significantly lower than expected. Scanning electron microscopy (SEM), tunneling electron 
microscopy (TEM), x-ray energy dispersive spectroscopy (XEDS), and x-ray photoemission 
spectroscopy (XPS) were used to investigate the structural properties of these silver oxide 
Schottky contacts. These investigations were carried out exclusively on silver oxide films 
fabricated using oxygen / argon flow rates of 1.70 sccm / 10.00 sccm on the Zn-polar face of 
hydrothermal bulk ZnO.
5.3.1    Scanning Electron Microscopy (SEM)
Figure 5.8 shows a scanning electron microscope (SEM) image taken using a LEO 1500 
series SEM on a silver oxide film, grown on the Zn-polar face of a hydrothermal bulk ZnO 
substrate, after 30 seconds and then after 5 minutes of growth. The film was polycrystalline 
with mixed grain sizes ranging from 20 – 40 nm to larger 100 – 200 nm particles.
Figure 5.8: SEM images of a reactively r.f. sputtered silver oxide film after (a) 30 seconds, and (b) 5 
minutes of growth on the Zn-polar face of a hydrothermal, bulk, c-axis ZnO wafer using an O2 flow rate 
of 1.70 sccm (images taken by Jessica Chai, Department of Electrical and Computer Engineering, 
University of Canterbury, NZ).
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5.3.2    Transmission Electron Microscopy (TEM)
Figure 5.9 shows a cross-sectional TEM image of a silver oxide Schottky contact taken 
along the (1120) axis by collaborators at the Pennsylvania State University, Pennsylvania, 
U.S.A. The TEM specimen was prepared using conventional mechanical thinning followed by 
argon ion milling, and the image taken using a JEOL 2010F microscope operated at 200 keV. 
The TEM image shows a polycrystalline structure containing a number of nanometer-scale 
voids. The voids were seen everywhere in the film, both in the thin and thick regions of the 
TEM sample, indicating they are real features and not artefacts. These voids also occur at the 
Schottky interface and may be a contributing factor in the lower than expected breakdown 
voltage of the contacts.
5.3.3    X-ray Energy Dispersive Spectroscopy (XEDS)
XEDS is an elemental compositional analysis technique that uses the characteristic energies of 
x-ray emitted when a sample is bombarded by a beam of energetic electrons, usually from an 
electron microscope. Figure 5.10 shows an XEDS composition profile along the line marked 
AB in Figure 5.9. By examining the Zn and O signal from the bulk ZnO (near position B) it is
Figure 5.9: Cross-sectional TEM of a platinum capped, silver oxide film on the Zn-polar face of 
hydrothermal bulk ZnO (note: the film was grown twice the usual thickness for imaging purposes).
Figure 5.10: XEDS composition profile along the line AB in Figure 5.9.
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apparent that the instrument calibration underestimates the oxygen composition. However, 
taking this into account, it is apparent that little oxygen was detected in the film, indicating that 
it was highly silver rich.
5.3.4    X-ray Photoemission Spectroscopy (XPS)
In Section 5.1.1, XPS measurements on a sputter cleaned, ‘1.70 sccm O2’ silver oxide 
film, fabricated on a quartz substrate using the same growth conditions, gave an O/Ag fraction 
of ~ 0.10. These measurements were repeated on a ‘1.70 sccm’ silver oxide film grown on the 
Zn-polar face of a hydrothermal ZnO wafer. This time an O/Ag fraction of ~ 0.04 was 
estimated from a XPS survey scan (not shown) after 5 minutes of 2.4 keV argon ion sputter 
cleaning. Figure 5.11 shows a high resolution scan of the core-level O 1s spectrum. 
Interpretation of this spectrum was made with reference to the XPS study of oxidized silver 
powders by Waterhouse et al. [110]. Three main peaks can be identified at 530.7, 529.2, and 
528.3 eV, which are due to subsurface oxygen, Ag2O and AgO respectively. This suggests that 
the bulk of the film was highly silver rich but still contained a mixture of oxide phases. 
However, the key issue is the composition of the silver oxide film, and the nature of the 
bonding at the Schottky interface, which unfortunately is much more difficult to measure.
Figure 5.12(a) shows the valence band XPS spectrum of the sputter-cleaned ‘silver oxide’ 
film. Since the film was grounded to the spectrometer, the zero of the binding energy scale 
represents its Fermi level (EF). The film has a continuous density of states (DOS) near EF, 
Figure 5.11: O 1s core level spectrum (90o take off angle) taken from a sputter cleaned ‘1.70 sccm’ 
silver oxide film grown on the Zn-polar face of a hydrothermal bulk ZnO wafer. The spectrum was 
fitted using four Voigt functions with a Gaussian:Lorentzian ratio of 70:30.
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similar to that observed from the sputter-cleaned silver reference sample in Figure 5.12 (b), 
indicating a metallic-like nature.
5.4   TEMPERATURE DEPENDENT BEHAVIOUR OF SILVER OXIDE DIODES
There are few literature reports of the temperature dependent behaviour of ZnO Schottky 
diodes. Sheng et al. [74] reported a decrease in η from 1.37 to 1.29 for Ag Schottky contacts 
fabricated on (1120) n-ZnO epilayers over the temperature range 265 – 340 K. A Richardson 
plot yielded a barrier height of 0.69 eV and an experimental Richardson constant of 0.15 
Acm-2K-2, significantly lower than the theoretical value of 32 Acm-2K-2. However their 
analysis involved a rather narrow temperature range, which introduces a large uncertainty into 
their experimental value given the long extrapolation to 1/T = 0. Von Wenckstern et al. [93]
also reported an experimental Richardson constant orders of magnitude lower than the 
theoretical value, using I–V–T measurements from 210 – 300 K on Pd Schottky contacts to 
(0001)-oriented ZnO thin films. These contacts had a ΦB of 0.81 eV and η of 1.49 at 290 K. 
Most recently, Gur et al. [101] performed I–V–T measurements over the range 200 – 500 K on 
Ag Schottky contacts to unspecified bulk ZnO with a ΦB of 0.82 eV and η of 1.55 at room 
temperature. An experimental Richardson constant of 0.248 Acm-2K-2 was reported but with 
rather a large uncertainty due to the degree of scatter in their Richardson plot. 
All these reports have involved measurements on relatively high ideality factor Schottky 
contacts which, as a result, may have significant variations in lateral homogeneity and/or be 
dominated by other current transport processes besides the pure thermionic emission assumed 
in the Richardson plot analysis. In an attempt to improve on this situation, the current transport 
Figure 5.12: Valence band XPS spectrum (90o take off angle) taken from (a) a sputter cleaned ‘1.70 
sccm’ silver oxide film grown on the Zn-polar face of a hydrothermal bulk ZnO wafer, and (b) a sputter 
cleaned pure silver reference sample, with the zero of the binding energy scale referenced to the Fermi 
level (EF) of the sample.
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through low ideality factor silver oxide Schottky contacts was investigated over a wide 
temperature range 40 – 423 K. Silver oxide diodes fabricated on the Zn-polar face of 
hydrothermal, c-axis, wafer HT-1 were used for these investigations as these have the highest 
barriers so far reported for ZnO. The I–V–T measurements were carried out by collaborators at 
the University of Leipzig, Germany [99].
5.4.1    Above Room Temperature I–V–T Characteristics
Figure 5.13 shows the above room temperature I–V–T characteristics measured on a 
silver oxide diode exposed to atmosphere, from 294 – 423 K at intervals of 10 K; the device 
temperature was controlled to an accuracy of 0.5% using an Arico P200 temperature controller. 
The forward bias characteristics show exponential behaviour over many orders of magnitude 
of current indicating the dominance of thermionic emission. ΦB and η were determined for 
each temperature and the results are shown in Figure 5.14(a). Both vary over a relatively small 
range, in a ‘mirror-like’ fashion, about mean values of 1.14 eV and 1.10 respectively. 
Figure 5.14(b) shows a Richardson plot of ln(J0/T2) vs 1000/T (open circles), where J0 is the 
saturation current density, obtained by extrapolating the forward bias I–V characteristics of 
Figure 5.13 to zero bias. J0 is related to the effective barrier height ΦB and the Richardson 
constant A* by,
 . (5.1)
Figure 5.13: Above room temperature I-V characteristics of a planar silver oxide Schottky diode on the 
Zn-polar face of hydrothermal ZnO (c-axis, wafer HT-1) with the diode exposed to air.
J0 A∗T2 qΦB– kT-------------  exp=
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Therefore, ΦB can also be determined from the slope of the Richardson plot, while A* can be 
obtained from the intercept. However, the temperature dependence of ΦB makes fitting a single 
line to the Richardson plot [open circles of Figure 5.14(b)] problematic.This is often addressed 
by using the flat band barrier height, , which is considered to be a fundamental quantity that 
eliminates the influence of most causes of non-ideal behaviour,
(5.2)
where ξ = (kT/q)ln(NC/n) is energy difference between the Fermi level and the bottom of the 
conduction band. NC is the conduction band density of states (2.94 x 1018 cm-3 for ZnO) and n
is the carrier concentration. Substituting  for ΦB in Equation (5.1) gives,
(5.3)
where J0f is the flat band saturation current density given by, 
 . (5.4)
Figure 5.14(a) shows the values of  calculated from the ΦB and η values (shown in the 
same figure) using Equation (5.2). As expected  has a smaller temperature dependence than 
ΦB, particularly above 340 K. Equation (5.4) was used to generate a modified Richardson plot 
Figure 5.14: (a) Variation of ideality factor η, effective barrier height ΦB, and flat band barrier height 
ΦBf with temperature for a silver oxide Schottky diode on the Zn-polar face of hydrothermal ZnO; and 
(b) a Richardson plot (open circles) of ln(J0/T2) vs 1000/T and a modified Richardson plot (solid 
circles) of ln(J0f/T2) vs 1000/ ηT with a linear fit using the theoretical value of A*.
ΦBf
ΦBf ηΦB η 1–( )ξ–=
ΦBf
J0 f A∗T2 qΦB
f–
ηkT-------------  
 exp=
J0 f J0 η 1–η------------  
NC
n------  lnexp=
ΦBf
ΦBf
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of ln(J0/T2) vs 1000/ηT [solid circles of Figure 5.14(b)]. A linear least squares fit was applied 
to this modified plot using Equation (5.3), the theoretical value of 32 Acm-2K-2 for A*, and 
 as the adjustable parameter. The value of  obtained from the slope of the linear fit was 
1.23 eV which is in good agreement with the values shown in Figure 5.14(a) and identical to 
the value for the image force corrected, homogeneous barrier height, , in Table 5.3. This 
is an important result as it shows agreement between two separate parameters,  and , 
which attempt to eliminate the effects of non-ideal behaviour. It also shows that the 
experimental data is consistent with the theoretical value of A*.
5.4.2    Reverse Leakage Current
At higher temperatures, the reverse leakage characteristics of the silver oxide Schottky 
diodes can be more accurately measured as the current rises above the ~ 50 – 100 fA noise level 
of the HP 4155A parameter analyser (see Figure 5.13). These reverse current characteristics 
can then be compared to theoretical models for thermionic emission and thermionic field 
emission to assess the dominant transport mechanism.
For pure thermionic emission (TE), the sole cause of voltage dependency in the reverse 
current is from the image force lowering of the Schottky barrier. This is known as the ‘TE + 
barrier lowering’ model, with the reverse current density, , given by,
(5.5)
where ∆Φif is the barrier lowering due to the image force effect from Equation (2.20). 
Equations (5.5) and (2.20) can be rearranged to express  as a function of the reverse electric 
field, E, at the Schottky interface,
(5.6)
and
 (5.7)
where ND is the effective donor density and εs is the dielectric constant of ZnO.
ΦBf ΦBf
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For thermionic field emission (TFE), Hatakeyama et al. [112] derived a ‘compact’ 
expression for the reverse current density expected from the original analysis of Padovani and 
Stratton [113],
(5.8)
where m* is the effective electron mass ( = 0.27 me [5]) and the other quantities have their usual 
meaning.
Figure 5.15(a) shows the reverse leakage current measured at 383 K compared to the 
predictions of the ‘TE + barrier lowering’ and TFE models. This shows that the reverse current 
is a close match to the ‘TE + barrier lowering’ model with the TFE current being relatively 
insignificant. Figure 5.15(b) is a comparison of the reverse bias I–V characteristics and the ‘TE 
+ barrier lowering’ model at temperatures from 353 – 423 K, which show excellent agreement. 
It is therefore reasonable to conclude that the transport process through the silver oxide 
Schottky contacts, in atmosphere, at room temperature and above is dominated by thermionic 
emission.
Figure 5.15: (a) Reverse leakage current of a silver oxide Schottky diode on the Zn-polar face of 
hydrothermal ZnO at 383 K against the predictions of the ‘TE + barrier lowering’ and TFE models; and 
(b) measured reverse leakage current and ‘TE + barrier lowering’ model predictions for temperatures in 
the 353 – 423 K range.
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5.4.3    Below Room Temperature Measurements
For the below room temperature I–V characteristics, the same silver oxide diode was 
mounted on a cold finger, closed cycle cryostat equipped with a LakeShore 330 temperature 
controller (accuracy ± 0.1 K). The measurements were performed in vacuum at a pressure of 
10-6 mbar, to avoid condensation of water vapour onto the sample. The diode was held for 
several hours in the cryostat in dark conditions before the measurements were taken. The 
results, shown in Figure 5.16, are significantly different from the above room temperature 
measurements with the diode exposed to air.
Specifically, there is evidence of a vacuum-activated surface conduction path which 
significantly increases the reverse leakage current. This is equivalent to a shunt resistance 
between the Schottky and ohmic contacts which decreases with decreasing temperature, and is 
indicative of degenerate surface carriers experiencing decreased scattering as the temperature 
is lowered. The surface nature of this shunt resistance was confirmed by re-measuring the I–V
characteristics (Figure 5.17) with the Schottky to ohmic contact separation increased from 25 
µm to 2.5 mm. The reverse leakage current decreased by over four orders of magnitude and the 
shunt resistance effect was significantly reduced.
Figure 5.16: Below room temperature I–V characteristics of a planar silver oxide Schottky diode on the 
Zn-polar face of hydrothermal ZnO (wafer HT-1), measured in vacuum at a pressure of 10-6 mbar. The 
Schottky–ohmic contact separation was 25 µm.
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The below room temperature I–V characteristics shown in Figure 5.17 were used to 
determine ΦB and η for T < 300 K which are shown, together with the above room temperature 
values, in Figure 5.18(a).
Figure 5.17: Below room temperature I-V characteristics of a planar silver oxide Schottky diode on the 
Zn-polar face of hydrothermal ZnO (c-axis, wafer HT-1) measured in vacuum at a pressure of 10-6
mbar. The Schottky–ohmic contact separation was 25 mm..
Figure 5.18: (a) Temperature dependence of the effective barrier height (ΦB) and the ideality factor (η) 
for a planar silver oxide Schottky diode on the Zn-polar face of hydrothermal ZnO (wafer HT-1): (b) 
Richardson plot of ln(JoT2) versus 1000/T for the same diode, over the same temperature range.
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The decrease in ΦB and increase of η with decreasing temperature is often attributed to 
the so called To anomaly which can be explained by the inhomogeneity of the Schottky contact 
[28]. In the present case, it is more likely due to the fact that the bulk (non-degenerate) carriers 
in hydrothermal ZnO have high activation energies (~ 320 meV) [99] and start to ‘freeze out’ 
almost immediately on cooling below room temperature, making current transport from 
vacuum-activated, degenerate surface carriers increasingly important. The change in 
conduction mechanism is illustrated in Figure 5.18(b) which shows a combined Richardson 
plot for the above and below room temperature I–V measurements. The deviation from 
linearity of the below room temperature measurements (in vacuum) indicates a change in 
transport mechanism. Evidence for presence of a surface conduction layer on the Zn-polar (and 
O-polar) surface of bulk grown ZnO, under vacuum conditions, was provided by valence band 
XPS and variable magnetic field Hall effect measurements in Chapter 2.
In the presence of air, the surface conduction layer is passivated by the presence of 
oxygen and water molecules, which act as acceptors reducing the surface carrier concentration 
[11]. This process is illustrated in Figure 5.19 shows which the I–V characteristics of the planar 
silver oxide diode (Schottky – ohmic contact separation = 25 µm) exposed to air and vacuum 
conditions (10-6 mbar). There is a significant increase in the reverse leakage current of this 
planar diode when it is taken from air to vacuum conditions, with the removal of compensating 
O2 and H2O adsorbates activating the surface conduction layer.
Figure 5.19: I–V characteristics of a planar silver oxide Schottky diode on the Zn-polar face of 
hydrothermal ZnO (wafer HT-1) measured at 323 K in both air and in vacuum conditions (10-6 mbar).
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5.5   COMPARISON OF PLANAR AND VERTICAL SILVER OXIDE DIODES
5.5.1    I–V Characteristics 
All the Schottky diodes presented so far in this thesis have been of the planar geometry type, 
with the Schottky and ohmic contacts fabricated on the same crystal face (Figure 5.20). To 
investigate the effect of geometry on diode performance, vertical geometry silver oxide diodes 
were also fabricated on c-axis and m-plane hydrothermal bulk ZnO wafers (10 mm x 10 mm x
500 µm). As before, the Schottky contacts consisted of arrays of 300 µm diameter, 80 nm thick, 
silver oxide layers fabricated with an oxygen flow rate of 1.70 sccm and capped with a 30 nm 
thick platinum film. The ohmic contact consisted of a large area (typically 4 mm x 4 mm) 
Ti/Al/Pt (40/100/30 nm) layer deposited by electron beam evaporation on the opposite face of 
the wafer. Figure 5.21(a) shows ΦB versus η plots determined from the I–V characteristics of 
multiple, vertical geometry silver oxide diodes on the Zn-polar, O-polar, and m-plane faces of 
hydrothermal bulk ZnO wafers. These ΦB versus η plots were linearly fitted to determine the 
image force corrected, homogeneous barrier height, , using the method previously 
described. This gave values for  of 1.21 and 1.01 for the Zn-polar and O-polar faces 
respectively, nearly the same as the values of 1.23 and 1.03 (Table 5.3) for planar silver oxide 
diodes of the same composition.
Figure 5.21(b) shows a direct comparison of the properties of multiple planar and vertical 
geometry silver oxide diodes. The ΦB versus η plots for the planar and vertical geometry 
diodes are very similar, with the barrier heights of the vertical diodes being slightly (~ 20 meV) 
lower. This small effect may be due to the differences in the effective area of the Schottky 
contact for the two different geometries, with the effective area likely to be slightly larger for 
the vertical geometry diodes due to the larger area of the ohmic contact. In general, there 
appears to be very little difference in the I–V characteristics of planar versus vertical geometry 
silver oxide Schottky diodes.
Figure 5.20: Planar versus vertical Schottky diode geometry.
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5.5.2    C–V Characteristics
In contrast to the I–V characteristics, a significant geometry-related effect was observed 
for C-V measurements. Figure 5.22 shows a comparison of the typical C–V characteristics of 
(a) planar and (b) vertical geometry silver oxide diodes on the different crystal faces of 
hydrothermal ZnO.
The built-in voltage (Vbi) obtained from the extrapolation of the corresponding linear fits to 
1/C2 = 0 are given in Table 5.5. Vertical geometry diodes, with the Schottky contact on the 
Zn-polar and O-polar faces, have 0.21 – 0.24 eV lower values of Vbi compared to planar 
geometry diodes. The values of ΦB,C-V determined from ΦB,C-V = Vbi + ξ, are also shown in 
Figure 5.21: (a) ΦB versus η plots for vertical geometry silver oxide diodes, and (b) a comparison of 
planar and vertical geometry silver oxide diodes, on the polar and non-polar faces of hydrothermal bulk 
ZnO.
Figure 5.22: Typical C–V characteristics of (a) planar geometry and (b) vertical geometry silver oxide 
diodes on the polar and non-polar faces of hydrothermal ZnO. 
102 CHAPTER 5  METAL OXIDE SCHOTTKY CONTACTS
Table 5.5, together with the values of ΦB,I-V from the I–V characteristics of the same diodes. 
While the values of ΦB,C-V and ΦB,I-V are similar for planar geometry diodes, there is a deficit 
of 0.20 ± 0.02 eV in the values of ΦB,C-V for the vertical geometry diodes. Interestingly, in the 
case of the non-polar m-plane face, there appears to be no ‘geometry effect’ with the values of 
ΦB,C-V and ΦB,I-V almost the same for both planar and vertical geometry diodes. The nature of 
the polarity and geometry effects are discussed further in Chapter 6.
5.6   SILVER OXIDE SCHOTTKY CONTACT SUMMARY
The use of reactively sputtered silver oxide films in fabricating Schottky contacts to bulk 
ZnO resulted in a significant increase in device performance compared to the best reported 
results in the literature. In addition, this technique appears to have overcome the problems of 
device yield and reproducibility, which are common for ZnO Schottky contact fabrication 
using just plain metals. The structural, electrical, and temperature dependent properties of 
silver oxide Schottky contacts to bulk ZnO have been examined in detail with the following 
key findings:
1)   Reactively sputtered silver oxide films consistently produced low ideality 
factor Schottky contacts with effective barrier heights between 1.0 – 1.2 eV 
depending on the bulk ZnO material and surface polarity.
2)   The highest barrier heights of 1.2 eV were produced on the Zn-polar face 
of hydrothermal ZnO.
Table 5.5: Built in voltage (Vbi) and barrier height (ΦB,C-V) determined from the typical C–V
characteristics of planar and vertical geometry silver oxide diodes on hydrothermal ZnO. The barrier 
heights (ΦB,I-V) of the same diodes determined from their I–V characteristics are shown for 
comparison.
Diode 
Geometry Polarity
Vbi,C-V
(eV)
ΦB,C-V
(eV)
ΦB,I-V
(eV)
Planar Zn-polar 0.93 1.19 1.20
Planar O-polar 0.78 1.04 1.00
Planar m-plane 0.80 1.06 1.09
Vertical Zn-polar 0.72 0.96 1.18
Vertical  O-polar 0.54 0.80 0.98
Vertical m-plane 0.78 1.04 1.09
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3)   A significant polarity effect occurs for hydrothermal ZnO in that silver 
oxide contacts fabricated on the Zn-polar face had ~ 200 meV higher barri-
ers than those on the O-polar face, even though the ideality factors on both 
faces were close to the image force controlled limit.
4)   A similar but much smaller polarity effect occurs for silver oxide contacts 
on melt ZnO. The key difference between melt and hydrothermal ZnO is 
that the former has 2 – 3 orders of magnitude higher carrier concentration.
5)   The silver oxide contacts were highly silver rich (90 – 96% silver by 
atomic composition) but contained mixed oxide (Ag2O, AgO) phases. The 
contacts had poor lateral conductivity and required a 30 nm Pt capping 
layer for achieve good current flow.
6)   The reactively sputtered silver oxide contacts contained a significant den-
sity of voids, even at the Schottky interface, indicating there is consider-
able room for improvement in the structural quality of the contacts.
7)   At room temperature and above, with the ZnO surface exposed to air, the 
current transport between the Schottky and ohmic contact was dominated 
by pure thermionic emission.
8)   When planar silver oxide diodes fabricated on the Zn-polar face of hydro-
thermal ZnO are placed in vacuum conditions, a surface conduction path is 
activated which becomes increasingly dominant as the temperature is low-
ered.
The cause of the interesting polarity effects will be investigated in detail in Chapter 6. The rest 
of this chapter is focused on investigating whether the success achieved with silver oxide can 
be extended to other metal oxide films.
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5.7   IRIDIUM OXIDE
Following the success of reactively sputtered silver oxide films in producing high quality 
Schottky contacts to ZnO, the performance of other metal oxides was investigated. Significant 
improvement in the rectifying performance of certain iridium Schottky contacts on annealing 
at 150 oC in an O2 ambient has already been mentioned in Chapter 4, Section 4.6.
5.7.1    Iridium Oxide Review 
Iridium oxide (IrO2) crystallizes in the tetragonal rutile structure, and has a low resistivity 
(~ 50 mΩcm) and excellent high temperature electrical and chemical stability [114,115]. 
Iridium oxide is used in applications such as cathodes for field emission displays [116], 
electrodes for high density dynamic random access memory (DRAM) and nonvolatile 
ferroelectric random access memory (NVFRAM), optical switching layers in electrochromic 
displays, and corrosion resistant electrochemical electrodes [115,117]. Growth methods have 
included reactive d.c. sputtering [118], pulsed laser deposition [115], chemical vapour 
deposition [117], and annealing of Ir films in an oxygen atmosphere [114, 116].
Iridium oxide has previously been used in the fabrication of thermally stable Schottky 
contacts to n-GaN and n-SiC, by the annealing of Ir contacts in O2 atmospheres. Kim et al.
[119, 120] produced IrO2 Schottky contacts on unintentionally doped, n-GaN films (n = 5 x
1016 cm-3, µ = 550 cm2V-1s-1) by annealing 10 nm thick Ir contacts at 500 oC under an O2
ambient. Schottky diodes with the plain Ir contacts had a ΦB and η of 1.21 eV and 1.52 
respectively, which improved on O2 annealing to 1.48 eV and 1.09. At the same time, high 
resolution x-ray diffraction showed the appearance of IrO2 phases with much higher peak 
intensities than those from Ir. Similarly, Jeon et al. [121] reported an increase in ΦB from 0.68 
to 1.07 eV for 50 nm thick Ir contacts to AlGaN/GaN heterostructures after 500 oC O2 
annealing. Han et al. [114] produced a thermally stable IrO2 Schottky contact to a n-type 
4H-SiC epilayer (n = 4 x 1015 cm-3) by annealing a 50 nm thick Ir contact at 300 oC in an O2
ambient, with an accompanying increase in ΦB from 1.84 [1.92] eV to 1.95 [2.22] eV from I–V
[C–V] measurements. They also observed an increase in work function of 230 meV as IrO2 was 
formed, using synchrotron radiation photoemission spectroscopy.
5.7.2    Growth and Characterisation
For Schottky contact fabrication to bulk ZnO, iridium oxide films were grown by pulsed 
laser deposition (PLD) via the ablation of a rotating, high purity iridium target by a KrF 
excimer laser (λ = 248 nm) in an oxygen atmosphere. The growth was carried out in the 
Department of Physics and Astronomy, University of Canterbury, N.Z., by R. Mendlesberg. 
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The ZnO substrates were mounted on an unheated stainless steel block in a high vacuum 
chamber, which was evacuated to a base pressure of 10-5 mTorr. An ambient oxygen processing 
atmosphere was established at pressures of either 50 or 100 mTorr. The KrF laser was focused 
onto the Ir target, at a 45o angle, with a 2 mm2 spot size, and a fluence of 15 – 20 Jcm-2. Each 
film was grown for 1 hour at a pulse rate of 10 Hz. A high fluence was required due to the 
reflectivity and low vapour pressure of the Ir target which increases the likelihood of 
superheated explosive droplets being ejected from the target [122]. To limit the incorporation 
of these droplets into the iridium oxide film, a 10 mm x 10 mm square shadow mask was placed 
17 mm in front of the substrate, directly in the line of sight of the target, as shown in 
Figure 5.23. The target – substrate distance was 50 mm. This technique is usually referred to 
as eclipse-PLD in which the deposition is ideally limited to the diffusion of atoms, molecules 
and clusters around the shadow mask.
Two iridium oxide films were grown for 1 hour by eclipse-PLD, one with an ambient 
oxygen pressure of 50 mTorr and the other 100 mTorr, using the same KrF laser fluence. The 
thickness of each of the resulting ‘50 mTorr O2’ and ‘100 m Torr O2’ films was determined by 
AFM step-height analysis to be ~ 55 nm and ~ 160 nm respectively, indicating a faster diffusion 
rate of the ejected particles in the higher O2 pressure ambient. Figure 5.24 shows an AFM 
surface plot of the ‘50 mTorr O2’ film, from which an r.m.s. roughness of ~ 2.5 nm was 
estimated.
Figure 5.23: eclipse PLD using the ablation of a rotating 2.54 mm diameter, Ir target by a KrF laser in a 
100% oxygen ambient.
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The composition of the two films was determined from XPS survey scans taken after a 3 
– 4 minute sputter clean, using 2.4 keV Ar ions, to remove the more heavily oxidised surface 
layers. The atomic O/Ir fraction of the 50 mTorr O2 film was 0.24, compared to 0.11 for the 
100 mTorr O2 film, with the slower growth rate of the former perhaps allowing more 
opportunity for oxygen incorporation. However, these O/Ir fractions are still significantly less 
than the stoichiometric value of 0.67 for IrO2, indicating that the films were both iridium rich. 
Figure 5.25 shows the valence band XPS spectrum collected from the sputter cleaned 50 mTorr 
O2 film (the same spectrum from the 100 mTorr O2 film was almost identical) indicating 
metallic like conduction. Unlike the earlier case for silver oxide, these iridium oxide films were 
found to have good lateral conductivity. Consequently, good electrical contact could be made 
to these films without the need for a metallic capping layer.
Figure 5.24: Tapping mode AFM image of the surface of a 55 nm thick ‘50 mTorr O2’ iridium oxide 
film grown by eclipse PLD on a bulk ZnO substrate.
Figure 5.25: Valence band XPS spectrum (90o take off angle) taken, after a 3 – 4 minute 2.4 keV Ar ion 
sputter clean, from an iridium oxide film grown, on a bulk ZnO substrate, by eclipse-PLD for 1 hour 
with an O2 pressure of 50 mTorr.
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5.7.3    Schottky Contact Performance
Separate arrays of vertical geometry diodes, with 300 µm diameter ‘50 mTorr O2’ and 
‘100 mTorr O2’ iridium oxide Schottky contacts were fabricated on two hydrothermal c-axis 
ZnO wafers. Figure 5.26 shows typical I–V characteristics and ΦB versus η plots for ‘50 mTorr 
O2’ iridium oxide diodes on the Zn-polar and O-polar faces of the same hydrothermal wafer.
These arrays produced a high yield (> 90%) of very low ideality factor Schottky diodes 
on both polar faces. A dramatic surface polarity related effect was again observed, in that the 
barrier heights of the diodes on the Zn-polar face were typically 250 meV higher than those on 
the O-polar face. The ideality factors on both polar faces were very close to the image force 
controlled limit (ηif), indicating that the polarity effect was not due to differences in the 
homogeneity of the contacts. The image force corrected homogeneous barrier height, , 
for the ‘50 mTorr O2’ iridium oxide diodes on the Zn-polar and O-polar faces were found to be 
1.16 eV and 0.91 eV respectively.
Figure 5.26: (a) Typical I-V characteristics and (b) ΦB versus η plots, for ‘50 mTorr O2’ iridium oxide 
diodes on the Zn-polar and O-polar faces of the same hydrothermal c-axis wafer.
Figure 5.27: ΦB versus η plots, for ‘100 mTorr O2’ iridium oxide diodes on the Zn-polar face of a 
hydrothermal c-axis wafer.
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Figure 5.27 shows a ΦB versus η plot for the ‘100 mTorr O2’ iridium oxide diodes on the 
Zn-polar face of an additional hydrothermal wafer. After fabrication, these diodes again had 
very low ideality factors close to the image force limit ηif . However, the barrier heights of these 
diodes were significantly less than those of the ‘50 mTorr O2’ iridium oxide diodes on the same 
polar face. The  for the as-fabricated ‘100 mTorr O2’ iridium oxide diodes in 
Figure 5.27 is 1.05 eV compared to 1.16 eV for the ‘50 mTorr O2’ diodes. This is probably a 
consequence of the lower O/Ir fraction of the ‘100 mTorr O2’ iridium oxide contacts which 
from electronegativity arguments should result in a lower work function compared to the more 
oxygen rich ‘50 mTorr O2’ contacts. The very low ideality factors of these diodes indicates the 
formation of a very homogeneous Schottky barrier. Consequently, the lower barrier height of 
the ‘100 mTorr O2’ diodes can only be a result of a lower work function or alternatively a 
decreased electric dipole contribution from Ir–O chemical bonding at the Schottky interface. 
The I–V characteristics of the ‘100 mTorr O2’ iridium oxide diodes were re-measured 
after 6 weeks storage at room temperature. The ‘re-measured’ ΦB versus η plot (Figure 5.27) 
shows an age-related barrier height increase of ~ 60 meV, and a corresponding increase in 
 to 1.11 eV. The I–V characteristics were re-measured again after a further 10 week 
storage period, and while most diodes showed no further change, the barrier height of a few 
diodes had increased by another 30 – 40 meV, bringing them close to the barrier height of the 
‘50 mTorr O2’ diodes. This increase in barrier height for almost ideal contacts must be due to 
either (a) further oxidation of the film resulting in an increased O/Ir fraction and therefore an 
increased work function, or (b) an increase in chemical bonding, involving Ir–O bonds, at the 
Schottky interface.
5.8   PLATINUM OXIDE
Platinum oxide is another high work function metal oxide with interesting electrical 
properties, including the metallic-like conduction of certain oxide phases. These properties 
make platinum oxide another promising candidate for producing Schottky contacts to ZnO.
5.8.1    Platinum Oxide Review
The catalytic properties of platinum oxide have been widely used for over 100 years [123]
and currently play an important role in fuel cells [124]. Platinum oxide thin films are used as 
electrodes in memory capacitors and in super-resolution near field optical recording [126].
Platinum oxide films can be produced by the reactive sputtering of a platinum target in 
Ar/O2 atmospheres [125–129]. Thermally stable PtO and PtO2 phases have been reported with 
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electrical properties which vary with composition and structure. Abe et al. [129] reported PtO 
to be a metallic conductor with a resistivity of 1–2 mΩcm. The same authors found that α-PtO2 
films showed semiconductor-like behaviour with a higher resistivity (~1 Ωcm) and a negative 
temperature coefficient. Neff et al. [125] observed a conductor to insulator transition of PtOx
films at  Platinum oxide films have been reported to be thermally stable in air up to 500 
oC after which decomposition to Pt occurs [127, 129]. There are no literature reports of the use 
of deliberately fabricated platinum oxide films in the production of Schottky contacts.
5.8.2    Growth and Characterisation
For Schottky contact fabrication, platinum oxide films were grown using the same 
eclipse-PLD technique used for the growth of iridium oxide. Apart from the use of a high purity 
platinum target and an ambient oxygen pressure of 100 mTorr, all growth conditions and 
parameters were the same as previously described in Section 5.7.2. Figure 5.28 shows an AFM 
surface plot of the 100 mTorr O2 platinum oxide film, showing a r.m.s. surface roughness of 
2.5 – 3.0 m. This film was grown for 1 hour and had a thickness (from AFM step-height 
analysis) of 240 nm.
The composition of this film was again determined from an XPS survey scan taken after 
a 4 minute Ar ion sputter clean. The O/Pt fraction was ~ 0.17 indicating a Pt rich film. The 
valence band spectrum (Figure 5.29) taken from the sputter cleaned film showed a high density 
of states near the Fermi level, which is characteristic of strong catalysts [125] and indicates a 
metallic rather than semiconducting nature.
Figure 5.28: Tapping mode AFM image of the surface of a 240 nm thick ‘100 mTorr O2’ platinum 
oxide film, grown by eclipse PLD on a bulk ZnO substrate.
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5.8.3    Schottky Contact Performance
Arrays of vertical geometry diodes with 300 µm diameter, 240 nm thick, ‘100 mTorr O2’ 
platinum oxide Schottky contacts were fabricated on the Zn-polar and O-polar faces of the 
same hydrothermal, bulk, c-axis ZnO wafer. The platinum oxide film had poor lateral 
conductivity and a ~ 30 nm thick Pt capping layer was added to improve the current flow 
through the contacts. Figure 5.30(a) shows ΦB versus η plots for the diodes on each polar face, 
taken 4 weeks after fabrication. During that time the barrier heights of the diodes on the 
Zn-polar face had increased by ~ 60 meV. The barrier heights of the ‘100 mTorr O2’ platinum 
oxide diodes on the Zn-polar and O-polar face of hydrothermal ZnO were remarkably similar 
to those previously observed for silver oxide Schottky contacts on the same material. The 
 values for the platinum oxide diodes on the Zn-polar and O-polar faces are 1.23 eV and 
1.01 eV respectively, from Figure 5.30(a), compared to 1.21 eV and 1.01 eV for vertical 
geometry silver oxide diodes on similar hydrothermal ZnO material.
Figure 5.30(b) shows the typical room temperature C–V characteristics for the ‘100 
mTorr O2’ platinum oxide diodes. These show a polarity difference of 0.18 eV in the built-in 
voltage Vbi, similar to the 0.22 eV difference in  extracted from the I–V characteristics 
in Figure 5.30(a). However, the values of the ΦB,C-V , determined from ΦB,C-V = Vbi + ξ , were 
only 0.98 eV and 0.80 eV for the Zn-polar and O-polar faces respectively, a deficit once again 
of approximately 0.20 eV for vertical geometry diodes.
Figure 5.29: Valence band XPS spectrum (90o take off angle) taken, after a 5 minute 2.4 keV Ar ion 
sputter clean, from a platinum oxide film, grown by eclipse-PLD for 1 hour with an O2 pressure of 100 
mTorr on a bulk ZnO substrate.
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5.9   COPPER OXIDE
Series connected copper / copper oxide disks were commonly used as small signal diodes 
and power rectifiers in the 1920s and 30s. Copper oxidises to brown/red cuprous oxide (Cu2O) 
and black cupric oxide (CuO). Both are p-type semiconductors (band gap of Cu2O = 2.0 eV) 
due to copper vacancies which form acceptor levels ~ 0.4 eV above the valence band.
5.9.1    Growth and Characterisation
Copper oxide films were fabricated by the reactive r.f. sputtering of a high purity copper 
target in an O2/Ar atmosphere, similar to the method used for silver oxide. Oxygen/argon gas 
flow rates of 2.0 sccm/10 sccm were used, at a processing pressure of 5 x 10-3 mbar. Growth 
was carried out at an r.f. power of 100 r.m.s for 5 minutes resulting in a brown film of 160 nm 
thickness, which was subsequently capped with 30 nm of Pt. An XPS survey scan, taken from 
the film after Ar ion sputter cleaning (~ 4 minutes), gave an atomic O/Cu fraction of 0.316 close 
to the stoichiometric value of 0.33 for CuO2. An AFM surface plot of the film (Figure 5.31) 
showed a slightly rougher surface (r.m.s. roughness ~ 3.5 nm) with larger feature sizes in 
comparison to the metal oxide films grown by eclipse-PLD.
Figure 5.30: ΦB versus η plots, for ‘100 mTorr O2’ platinum oxide diodes on the Zn-polar and O-polar 
faces of the same hydrothermal c-axis wafer.
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Figure 5.32 shows the valance band XPS spectrum of the sputter cleaned copper oxide 
film compared to that of a sputter cleaned copper reference sample. The valence band spectrum 
of the copper oxide film shows no evidence of the expected band gap of 2.0 eV for Cu2O, but 
neither does it have the flat ‘de-localised’ density of states near the Fermi level observed in the 
Cu reference sample. The XPS spectra suggests that the film is likely to contain degenerate 
charge carriers and possibly more metallic than semiconducting in nature.
Figure 5.31: Tapping mode AFM image of the surface of a 160 nm thick reactively sputtered copper 
oxide on a bulk ZnO substrate.
Figure 5.32: Valence band XPS spectrum (90o take off angle) taken from (a) a reactively r.f. sputtered 
copper oxide film, and (b) a pure copper reference sample. Both samples were sputter cleaned with 2.4 
keV Ar ions to remove the more heavily oxidised surface layers and surface carbon contamination.
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5.9.2    Schottky Contact Performance
Arrays of vertical geometry diodes with 300 µm diameter, 100 nm thick, copper oxide 
Schottky contacts were fabricated on the Zn-polar face of a hydrothermal ZnO wafer. A 30 nm 
thick Pt capping layer was added to improve current flow through the contacts. For 
comparison, a separate array of plain copper contacts was fabricated separately alongside the 
copper oxide contacts. Figure 5.33(a) shows the typical I–V characteristics of the copper and 
copper oxide diodes. The rectifying performance of the copper oxide diodes were significantly 
better than their plain copper counterparts, with rectifying ratios (at ± 1 V) of 3 x 107 compared 
to 3 x 102 respectively. Figure 5.33(b) shows a ΦB versus η plot for multiple copper oxide 
diodes giving a  value of 0.94 eV. The ideality factors of the copper oxide diodes, while 
good by literature standards, were significantly higher than those for silver, iridium, and 
platinum oxide.
Figure 5.33: (a) Typical I–V characteristics for vertical geometry copper and copper oxide Schottky 
contacts on the Zn-polar face of the same hydrothermal, bulk, c-axis ZnO wafer; and (b) a ΦB versus η
plot for multiple copper oxide diodes.
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5.10   SUMMARY
Silver, copper, iridium and platinum oxide films fabricated in reactive oxygen ambients, 
using either r.f. sputtering or pulsed laser ablation of metal targets, consistently produce high 
performance Schottky contacts to bulk ZnO. Figure 5.34 shows the effective barrier heights 
(ΦB) and ideality factors (η) of the best Schottky diodes fabricated using these metal oxide 
films, compared to the best reported results using plain metal contacts.
It is clear that the silver, iridium, and platinum oxide Schottky contacts significantly 
outperform their plain metal counterparts. In addition, the superior rectifying properties of 
these metal oxide contacts can be consistently reproduced and with high yields, something that 
has proved difficult to achieve with plain metals. Investigations of the properties of these metal 
oxide contacts resulted in the following key findings:
1)   The metal oxide contacts (with the exception of copper oxide) were metal 
rich with significantly lower oxygen fractions than those expected for stoi-
chiometric oxide films.
2)   The metal oxide contacts all had a continuous valence band density of 
states near the Fermi level, indicating a metallic-like nature.
3)   Most metal oxide films, with the exception of iridium oxide, had low lat-
eral conductivity requiring the use of a metal capping layer (usually plati-
num) to achieve good current flow through the contacts.
Figure 5.34: Best reported Schottky contacts to n-type ZnO showing the superior rectifying 
performance of metal oxides.
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4)   The barrier height of metal oxide contacts often showed significant 
age-related improvements, even for contacts which initially had very low 
ideality factors close to the image force controlled limit, ηif.
5)   A significant surface polarity effect was evident for all metal oxide con-
tacts, especially those on hydrothermal ZnO, with the barrier height of con-
tacts on the Zn-polar face consistently higher, by 200 – 250 meV, than 
those on the O-polar face.
The are several possible factors for the success of metal oxides in consistently producing high 
performance Schottky contacts with reproducible rectifying properties. These are:
1)   The r.f. sputtering / eclipse-PLD techniques generate a plasma / plume 
containing reactive oxygen species, e.g. charged oxygen ions, oxygen radi-
cals, and excited molecular and atomic oxygen. These reactive oxygen spe-
cies are likely to be efficient scavengers of hydrogen from the hydroxide 
layers which terminate the ZnO surface in vacuum conditions. In Chapter 
2, this hydroxide termination was linked to a surface accumulation layer 
which must be removed prior to Schottky contact formation.
2)   Oxygen vacancies are intrinsic donors which can increase the conductivity 
of the surface and pin the near surface ZnO Fermi level [159]. Kunat et al.
[49] showed that thermal de-hydrogenation (at 600 K) of the O-polar ZnO 
surface results in a 1 x 3 reconstruction with a significant number of oxy-
gen vacancies. The use of reactive oxygen ambients to remove hydrogen 
from the ZnO surface may avoid the creation of oxygen vacancies. The 
reactive oxygen species may even neutralise intrinsic near surface oxygen 
vacancies and oxygen vacancies introduced by the metalisation process 
[159]. In Chapter 7, oxygen vacancies will be identified as a likely candi-
date for the Fermi level of pinning of the barrier height of ZnO Schottky 
contacts at 0.6 – 0.8 eV.
3)   The age-related improvement in the barrier height of almost ideal (i.e. 
) metal oxide Schottky contacts may be due to further oxidation of 
the metal oxide film increasing either (a) its bulk oxygen content and as a 
consequence its work function, or (b) the number of metal–oxygen bonds 
at the Schottky interface and as a result their electric dipole contribution to 
the barrier height.
η ηi f≈
116 CHAPTER 5  METAL OXIDE SCHOTTKY CONTACTS
Figure 5.35: Possible Schottky contact formation mechanism during the fabrication of metal oxide 
contacts, using reactive oxygen ambients.
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Possible mechanisms for 1) and 2) are illustrated in Figure 5.35. The main assumptions 
are (a) that only hydrogen is removed, by reactive oxygen species, from the hydroxyl groups 
which terminate the ZnO surface in vacuum conditions, and (b) the dominant chemical bonding 
at the Schottky interface is between metal and oxygen atoms. The first assumption is very 
plausible for the O-polar surface, as the hydrogen is attached to oxygen atoms which are 
threefold coordinated to Zn atoms, and it seems unlikely that three O–Zn bonds would be easily 
broken by the reactive oxygen species. On the Zn-polar face, the hydrogen is attached to 
oxygen atoms which have a single O–Zn bond, and so individual H atoms or whole OH groups 
can be removed by the breaking of just a single bond. However, the removal of OH groups 
would leave behind an outermost plane of Zn atoms which would readily recombine with the 
reactive oxygen, so it seems more likely that only the hydrogen atoms would be detached. The 
second assumption follows from that the larger bond energy and electronegativity difference 
of metal–oxygen bonds compared to metal–zinc bonds. Dong and Brillson [89] theoretically 
modelled the influence of metal–oxygen and metal–zinc bonding on Schottky barrier 
formation and concluded that the former was much more likely to be associated with 
Schottky-like behaviour.
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Chapter 6
Surface Polarity Effects
In Chapters 3, 4, and 5, significant surface polarity related effects were observed in the 
structural and electrical properties of the ZnO surface. These are now discussed together with 
additional effects which have been observed in photoluminescence, reflectivity, and surface 
Kelvin probe microscopy measurements.The strength of these polarity related effects appear to 
be linked to bulk carrier density of the ZnO material, and are significantly stronger for the 
hydrothermal bulk ZnO, which is several orders of magnitude more resistive than melt or 
seeded chemical vapour deposition, bulk ZnO.
6.1   BOND IONICITY MODELS
The electrical asymmetry of the different crystallographic faces of ZnO is related to the 
substantial ionic character of the Zn–O bond and the lack of inversion symmetry of the wurtzite 
structure along the c-axis. Historically, ZnO sits on the borderline of classification as a 
covalently bonded semiconductor and an ionic solid [9]. This has resulted in the development 
of two, quite different, models both of which seek to explain the influence of the bond ionicity 
of ZnO on its surface properties. These are the spontaneous polarisation and the ionic models.
6.1.1   Spontaneous Polarisation Model
According to the spontaneous polarisation model [130, 149], large fixed surface charges 
of opposite sign occur on the Zn-polar and O-polar faces. These fixed charges affect the carrier 
distribution, near-surface band bending, and the electrical and optical properties of bulk 
crystals, epilayers, and nanostructures.
ZnO crystallises into the wurtzite structure with a c:a ratio lower than that for perfectly, 
hexagonally close-packed atoms; c:a=1.6020 for ZnO and 1.6333 for hcp. Each elementary 
ZnO4 tetrahedron is distorted from the ‘ideal’ Td symmetry [12] as shown in Figure 6.1. This, 
together with the heteropolar nature of the Zn–O bond, creates a permanent net dipole moment 
along the c-axis of each unit cell. These dipole moments cancel in the bulk but cause equal and 
opposite bound polarisation charges on the Zn-polar and O-polar faces.
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The theoretical spontaneous polarisation of ZnO, i.e. the polarisation at zero strain, has 
been theoretically calculated by Nann et al. [12] and Bernardini et al. [13] to be PSP = -0.048  
and -0.057 Cm-2 respectively. This is large compared to most binary semiconductors — for 
example, GaN (-0.029 Cm-2), InN (-0.032 Cm-2), SiC (-0.007 Cm-2 for 4H-SiC). 
Electrostatically, the spontaneous polarisation is equivalent to a fixed, two-dimensional, 
negative sheet carrier concentration of -3.6 x 1013 cm-2 (using the PSP value of Bernardini et 
al.) at the Zn-polar face and a fixed positive sheet carrier concentration of the same magnitude 
at the O-polar face. The resulting internal electric field is given by,
(6.9)
Figure 6.1: Spontaneous polarisation model showing the fixed 2-dimensional sheet charges induced on 
the Zn-polar and O-polar faces and the distortion of the ZnO4 tetrahedron.
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which for ZnO is ~ 8 MVcm-1 [131]. Harris et al. [130] have modeled the implications of 
spontaneous polarization on the electrical properties of GaN and their analysis has been used 
here.
Figure 6.2 illustrates the effect of spontaneous polarisation on the energy bands of n-type 
ZnO. Free electrons will move in an attempt to compensate the fixed spontaneous polarisation 
charges +QSP , -QSP and reduce the internal electric field. Electrons will accumulate near the 
O-polar face and a depletion region will form adjacent to the Zn-polar face. In ZnO material 
with a high free carrier concentration, the fixed spontaneous polarisation charges are efficiently 
screened and only a modest amount of surface band bending occurs, as shown in Figure 6.2(a). 
In the case of low free carrier concentration ZnO [Figure 6.2(b)], the number of ionised donors 
in the depletion region on the Zn-polar face will be insufficient to compensate the negative 
Figure 6.2: Near surface band bending on the Zn-polar and O-polar faces of n-type wurtzite ZnO in 
response to spontaneous polarisation induced, fixed surface charges for (a) high, and (b) low bulk 
carrier concentrations.
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spontaneous polarisation charge and the energy bands will bend strongly upward. If this 
bending is strong enough so that the Fermi level moves into the valence band, a sheet of holes 
will be generated in a “strong” inversion layer close to the Zn-polar surface.
Figure 6.3(a) shows the fraction of ‘bulk carriers /fixed spontaneous polarisation charges’ 
for 500 µm thick n-ZnO wafers with bulk carrier concentrations in the range 1013 – 1019 cm-3. 
This shows that for 500 µm thick hydrothermal ZnO wafers, the number of bulk carriers is 
actually less than the theoretical number of fixed spontaneous polarisation charges, indicating 
the need for strong surface band bending. For 500 µm thick melt ZnO wafers, the number of 
bulk carriers is 1 – 3 orders of magnitude higher than the number of fixed spontaneous 
polarisation charges and so less surface band bending is required. Figure 6.3(b) shows the 
width of the depletion region at the Zn-polar face estimated using the theory of 
metal-oxide-semiconductor devices [22],
(6.10)
where Eg is the band gap (3.35 eV) and ND is the effective doping density.
This analysis of the influence of the large spontaneous polarisation of ZnO neglects the 
role of external adsorbates in neutralising fixed spontaneous polarisation charges and 
represents an ideal case for atomically clean surfaces. It will almost certainly be an over 
estimate due to structural defects in the crystal structure and the hydroxyl termination of the 
Figure 6.3: (a) Fraction of ‘bulk carriers/fixed spontaneous polarisation charges’ for 500 µm thick 
n-ZnO wafers with bulk carrier concentrations (n) in the range 1013 – 1019 cm-3; and (b) width of the 
spontaneous polarisation induced, depletion layer at the Zn-polar face of n-ZnO versus bulk carrier 
concentration.
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Zn-polar and O-polar surfaces. Despite this, the following general predictions follow from the 
spontaneous polarisation model for ZnO:
1) Spontaneous polarisation induced surface band bending will tend to increase 
the effective barrier height of Schottky contacts fabricated on the Zn-polar 
face and decrease those on the O-polar face. The ΦB of Schottky contacts on a 
non-polar face should be unaffected.
2) An internal electric field will be created. The field will be directed along the 
c-axis towards the Zn-polar face and away from the O-polar face. This internal 
electric field may affect the optical properties of the polar ZnO surfaces, e.g. 
by separating photogenerated electron – hole pairs.
3) Spontaneous polarisation effects will be greater for ZnO material with low car-
rier concentration due to incomplete screening of the fixed surface charges at 
the Zn-polar and O-polar faces. For the same reason, compensating surface 
adsorbates may be more strongly attached to low carrier concentration ZnO 
material.
6.1.2   Ionic Model
In the ionic model, the ZnO crystal structure is considered to be formed from alternate 
double layers of oppositely charged Zn and O ions, stacked along the c-axis. This is illustrated 
in Figure 6.4. Each double layer has a dipole moment density µ = σR1, where σ is the 
magnitude of the ionic sheet charge density on each layer, creating a total dipole moment 
density M = NσR1 in the +c direction, where N is the number of double layers [132]. The 
associated electrostatic energy diverges with increasing N making the polar surfaces unstable 
[133]. As a result, ionic crystals generally facet or undergo dramatic surface reconstructions 
[134]. ZnO is somewhat unique, in that unreconstructed polar surfaces are very common in 
nature, suggesting some other form of stabilisation mechanism. Noguera [132] showed that the 
electrostatic instability can be lifted by a charge re-arrangement on the outer layers of the polar 
ZnO surfaces. Specifically the Zn-polar face needs to be made less positive and O-polar face 
less negative by an amount σR2/(R1 + R2) ~ 0.75σ, where R1 and R2 are defined in Figure 6.4. 
This can occur via three possible stabilisation mechanisms: (a) a fractional negative charge 
transfer from the O-polar to Zn-polar face, (b) reconstruction of the Zn-polar (O-polar) surface 
which removes ¼ of the Zn (O) atoms, or (c) a coverage of (½ monolayer) hydroxyl groups on 
both polar faces [135, 136]. 
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Mechanism (a) leads to the prediction of two-dimensional metallic-like surface states 
[137, 138] on the polar faces which have not been observed. Therefore, it appears that 
mechanisms (b) and (c) are more likely, although their relative contributions are still unknown. 
Dulub et al. [134] used scanning tunneling microscopy to reveal the presence of triangular 
shaped, single layer pits and islands, with O-terminated step edges, on the Zn-polar face of 
hydrothermally grown ZnO surfaces. In Chapter 3, similar triangular shaped features were seen 
in Figure 3.1, which showed an AFM image taken on the Zn-polar face of a hydrothermal, bulk 
ZnO wafer, from Tokyo Denpa Co. Ltd. However, XPS measurements also showed a 
hydroxide termination on the Zn-polar and O-polar faces (and m-plane face) of the same 
hydrothermal ZnO material and also on melt bulk ZnO.
There appears to be evidence in the literature of a competition between surface 
reconstruction and hydroxyl coverage on the Zn-polar and O-polar faces; Kresse et al. [135]
used first-principles, density fluctuation calculations to show that the formation of large scale 
triangular reconstructions are energetically more favourable than isolated Zn vacancies on the 
Zn-polar ZnO surface. They also showed that the presence of OH groups lifts this 
reconstruction and stabilises an unreconstructed Zn-polar surface. Valtiner et al. [139] prepared 
and characterised hydroxide stabilised, unreconstructed single crystal Zn-polar ZnO surfaces 
by wet NaOH etching and also etching followed by thermal treatment in a humid oxygen 
atmosphere. Interestingly, the tetramethyl ammonium hydroxide (TMAH) developer, used in 
Figure 6.4: Ionic model describing the wurtzite ZnO structure a series of alternating double layers of 
oppositely charged Zn and O ions, with partial ionic charges of +qZn and -qO respectively.
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the photolithographic Schottky contact fabrication technique in this thesis, is a hydroxide 
containing base. Kunat et al. [49, 140] used low energy electron diffraction (LEED) and He 
atom scattering (HAS) to show that the clean and hydrogen free O-polar ZnO surface was 
characterised by a (1 x 3) reconstruction with large scale oxygen vacancies, and that this was 
lifted by the presence of atomic hydrogen to form an unreconstructed H(1 x 1) adlayer. 
Staemmler et al. [141] also used the binding energy of a CO probe molecule to conclude that 
the O-polar ZnO surface is either H terminated or reconstructed.
The following key findings follow from the ionic model for ZnO:
1) Unreconstructed atomically clean Zn-polar [O-polar] ZnO surfaces are elec-
trostatically unstable and will reconstruct with a loss of ~ 1/4 of the Zn [O] 
atoms from the outermost surface layer. These reconstructions are readily 
lifted by the hydroxylation of the surface.
2) The electric dipole associated with the ionic charge density of the Zn and O 
atomic planes is opposite to the direction to the spontaneous polarisation 
dipole.
6.1.3   Comparison of the Spontaneous Polarisation and Ionic Models
The spontaneous polarisation model predicts the presence of fixed negative [positive] 
two-dimensional sheet charges on the Zn-polar [O-polar] faces while the ionic model predicts 
fixed charges of the opposite sign on the same faces. The obvious question is whether the 
spontaneous polarisation of ZnO in some way compensates the electrostatic instability 
predicted by the ionic model. However, the spontaneous polarisation model only predicts a 
negative [positive] bound charge of 0.033|e| per surface atom at the Zn-polar [O-polar] face. 
Duffy [14] calculated the ionicity of the Zn–O bond to be 39% with a charge of 0.61|e| residing 
on the Zn atom, which makes any compensation provided by the spontaneous polarisation 
charges negligible. On face value, it doesn’t appear that these models can both correctly predict 
the electrical and optical properties of the polar faces of ZnO. These properties are now 
reviewed.
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6.2   ELECTRICAL SURFACE POLARITY EFFECTS
6.2.1   Enhanced Schottky Barriers on the Zn-polar Face
In Chapter 5, high quality metal oxide Schottky contacts, with ideality factors close to the 
image force controlled limit, were fabricated on the Zn-polar and O-polar faces of 
hydrothermal bulk ZnO (from Tokyo Denpa Co. Ltd.). The results are summarised in Table 6.1, 
which gives the image force corrected, homogeneous barrier height, , and the barrier 
height, ΦB,C-V, determined from C–V measurements at frequencies from 5 – 20 kHz. A 
comparison of the results for both planar and vertical geometry diodes is provided for the silver 
oxide Schottky contacts, while the data for iridium oxide and platinum oxide were obtained 
from vertical geometry diodes only. For each metal oxide contact,  is consistently higher 
by 200 – 250 meV on the Zn-polar face compared to the O-polar face. Similarly, the value of 
ΦB,C-V is also higher by 150 – 220 meV on the Zn-polar face. This polarity related effect is 
consistent with the spontaneous polarisation model which predicts an additional upwards 
[downwards] contribution to the band banding at the Schottky interface on the Zn-polar 
[O-polar] faces. The same model predicts that any polarity related effects will be greater for 
hydrothermal ZnO compared to melt ZnO, due to the 2 – 3 orders of magnitude lower carrier 
concentration of the former. 
Figure 6.5(a) shows a comparison of the effective barrier height (ΦB) versus ideality 
factor (η) plots for planar silver oxide Schottky diodes on the Zn-polar and O-polar faces of 
hydrothermal and melt grown bulk ZnO wafers. As expected, the polarity related difference in 
ΦB is much smaller for the higher carrier concentration melt ZnO. However, the apparent 
similarity between the barrier heights of the silver oxide contacts on the O-polar face of both 
hydrothermal and melt ZnO is somewhat misleading. The image force lowering effect, which 
reduces the effective barrier height, is a function of carrier concentration; typically lowering 
ΦB by ~ 20 meV for hydrothermal ZnO and by ~ 80 – 90 meV for melt ZnO. Figure 6.5(b) 
shows the ΦB versus η data from Figure 6.5(a) corrected for the image force lowering effect, 
using Equations (2.20) and (2.21). This shows that the corrected ΦB versus η plots for the 
Zn-polar and O-polar faces of melt ZnO now lie between those for hydrothermal ZnO, which 
is a more accurate reflection of the anticipated spontaneous polarisation-induced, band bending 
shown in Figure 6.2.
Furthermore, the image force corrected ΦB versus η plots for planar silver oxide contacts 
on the non-polar faces of hydrothermal and melt ZnO, shown in Figure 6.5(c), are very similar. 
These plots represent the barrier height of silver oxide Schottky contacts on hydrothermal and 
melt ZnO in the absence of spontaneous polarisation effects. Significantly, these non-polar 
plots lie between those for the Zn-polar and O-polar faces of both the hydrothermal and melt 
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ZnO material [Figure 6.5(d)], which is again consistent with the spontaneous polarisation 
model. In the case of melt ZnO, the image force corrected ΦB versus η plot for the non-polar 
(a-plane) face is close to the corresponding plot for the O-polar face [Figure 6.5(d)]. This is 
another anticipated effect: for high carrier concentration n-type material, the downward band 
bending on the O-polar face is expected to be small, as there are sufficient bulk carriers (i.e. 
free electrons) to compensate the fixed positive spontaneous polarisation charges. The upward 
band bending on the Zn-polar face is expected to be larger, due to the lack of intrinsic free holes 
to compensate the fixed negative spontaneous polarisation charges, leaving only incomplete 
screening provided by ionised donors [142]. 
In the case of hydrothermal ZnO, the image force corrected ΦB versus η plot for the 
non-polar (m-plane) face lies approximately half way between the corresponding plots for the 
Zn-polar and O-polar faces [Figure 6.5(d)]. This difference can be explained by the fact that in 
hydrothermal ZnO, there is also a lack of free electrons to compensate the fixed positive 
spontaneous polarisation charges on the O-polar face, due to the much lower bulk carrier 
concentration of this material.
Figure 6.5: Comparison of surface polarity-related effects in the barrier heights of planar 
silver oxide Schottky diodes on hydrothermal and melt bulk ZnO: (a) effective barrier height 
ΦB versus η; (b), (c), (d) image force corrected effective barrier height versus η.
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Similar polarity-related effects in Schottky barrier height been reported for GaN which 
adopts a similar wurtzite structure to that of ZnO. Karrier et al. [142] observed that the mean 
barrier height of planar Pt Schottky diodes on MBE grown n-GaN films (n = ~ 8 x 1017 cm-3) 
were 1.1 eV on the Ga-polar face, compared to 0.9 eV on the N-polar face. Jang et al. [143, 
144] reported a similar effect, i.e. a 320 meV higher barrier height on the Ga-polar face, for 
planar Pt Schottky contacts on MOCVD grown n-GaN films (n = 3 x 1016 – 1 x 1017 cm-3). 
They also investigated the surface band bending of the GaN films using synchrotron radiation 
photoemission spectroscopy, observing a larger upwards band bending of 1.4 eV on the 
Ga-polar face, which they concluded was due to spontaneous polarisation effects.
Table 6.1: Comparisons of the image force corrected, homogeneous barrier height (ΦBhom*) and 
the barrier height determined from C–V measurements (ΦB,C-V) for planar and vertical geometry 
silver oxide Schottky diodes. The polarity, Zn-polar or O-polar, refers to the ZnO face on which the 
Schottky contact is fabricated.
Schottky
Contact
Diode
Polarity
 (eV) ΦB,C-V (eV)
Zn-polar O-polar Zn-polar O-polar
AgxO
planar 1.23 1.03 0.20 1.19 1.04 0.15
vertical 1.21 1.01 0.20 0.96 0.80 0.16
IrxO vertical 1.16 0.91 0.25 0.78 0.56 0.22
PtxO vertical 1.23 1.01 0.22 0.98 0.80 0.18
Schottky
Contact
Diode
Polarity
( – ΦB,C-V)
Zn-polar O-polar
AgxO
planar 0.04 -0.01
vertical 0.25 0.21
IrxO vertical 0.38 0.35
PtxO vertical 0.26 0.21
ΦB
hom∗
∆ ∆
ΦB
hom∗
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6.2.2   ΦB,C-V Deficit in Vertical Geometry Metal Oxide Schottky diodes
Another significant effect can be seen from a comparison of  versus ΦB,C-V for 
planar and vertical silver geometry oxide diodes in Table 6.1. For planar geometry devices, 
 and ΦB,C-V are almost the same, but for vertical geometry diodes there is a significant 
deficit in the value of ΦB,C-V . This deficit is similar, 250 meV and 210 meV respectively, on 
the Zn-polar and O-polar faces. Table 6.1 also shows almost identical deficits in the values of 
ΦB,C-V compared to  for vertical geometry platinum oxide diodes and an even larger 
deficit 380 meV [350 meV] for vertical geometry iridium oxide diodes with the Schottky 
contact on the Zn-polar [O-polar] face. 
These deficits are examined with reference to Figure 6.6 which shows the direction of the 
current flow and the spontaneous polarisation dipole for planar and vertical geometry ZnO 
Schottky diodes.  is determined from I–V measurements which involve d.c. current flow 
between the Schottky and ohmic contacts, while ΦB,C-V measurements involve the a.c. 
displacement current ( ) which originates from changes in the width of the 
depletion region with an applied low frequency (ω) test voltage [28]. As already discussed, the 
Figure 6.6: Comparison of the structure of planar and vertical geometry ZnO Schottky diodes 
with reference to (i) current flow, (ii) spontaneous polarisation dipole, and (iii) the chemical 
bond polarisation layer.
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spontaneous polarisation dipole PSP is the probable cause of the higher values of  and 
ΦB,C-V for Schottky contacts on the Zn-polar face compared to the O-polar face. However, it is 
unlikely to be the cause of the difference between  and ΦB,C-V for a vertical diode 
geometry, since the difference is a consistent deficit which does not change sign as the diode 
polarity changes. 
A more probable cause of the ΦB,C-V deficit is the interface dipole due to the polarisation 
of chemical bonds at the metal oxide – ZnO interface. Figure 6.7 shows the likely chemical 
bonding for metal oxide Schottky contacts on the Zn-polar and O-polar faces of ZnO. As 
discussed in Chapter 5, the Zn-polar and O-polar faces are both terminated by a persistent 
hydroxide layer. Successful Schottky contact formation is likely to involve the 
de-hydrogenisation of this hydroxide layer and the formation of an interfacial layer of metal – 
oxygen bonds on both the Zn-polar and O-polar faces. The polarisation of these metal – oxygen 
bonds creates an interface dipole µCB directed away from the ZnO surface, on both the Zn-polar 
and O-polar faces.
Figure 6.7: Electric dipoles due to polarised chemical bonds at the interface layers of metal oxide 
Schottky contacts on the Zn-polar and O-polar face of ZnO.
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This interface dipole will cause a contribution to the barrier height of the Schottky contact 
which can be written as [148],
(6.11)
where NB is the interfacial bond density and µCB ~ qMdMO where dMO is the separation of the 
metal and oxygen atoms at the interface. Since the dipole is localised at the interface, ∆ΦCB
does not appear in ΦB,C-V as it is only related to the band bending in the semiconductor. 
Futhermore, since the direction of µCB is the same on both the Zn-polar and O-polar faces, the 
sign of ∆ΦCB will also be the same. Figure 6.8 shows how such a chemical bonding-induced 
interface dipole could affect the band bending at the metal oxide – ZnO Schottky junction and 
cause the deficit in ΦB,C-V compared to . 
Equation (6.11) can be used to estimate the size of µCB . Assuming NB to be ~ 1/2 the 
atomic density on the polar ZnO face, εint = εZnO , and ∆ΦCB = 0.25 eV, then µCB ~ 1.1 Debye 
(1 Debye = 3.34 x 10-28 Ccm). Although the presence of a chemical bonding-induced interface 
dipole may explain the ∆ΦCB deficit for vertical geometry diodes, it is still unclear why the 
deficit disappears when the diode geometry is planar. Another geometry related factor is the 
Schottky – ohmic contact separation, which is much larger for the vertical (500 µm) compared 
to the planar (25 µm) geometry diodes. However, this only seems to cause a small increase in 
the series resistance of the vertical diodes and is not expected to significantly affect the C–V
measurements.
Figure 6.8: Band diagram of a metal oxide Schottky contact showing a dipole contribution, ΦCB, due 
to metal – oxygen bonding at the interface and its effect on ΦB,C-V compared to .
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Nakano et al. [88] observed a similar deficit of 200 meV in the ‘C–V determined’ versus 
‘I–V determined’ barrier heights of PEDOT:PSS/ZnO Schottky contacts (η = 1.2) fabricated 
on the Zn-polar face of hydrothermal ZnO (from Tokyo Denpa Co. Ltd), using a vertical mesa 
geometry with Ti/Au ohmic contacts at the bottom of each mesa. This was attributed to an 
interface dipole layer between the Zn-polar surface and the anionic PSS molecules. In a 
subsequent comment to their work, Lin [145] derived a band diagram similar to Figure 6.8.
The use of thin interfacial films of polar molecules to modify the barrier height of metal 
contacts to organic semiconductors is well established [146]. For example, Hong et al. [147]
used a very thin C60 buckminsterfullerene film to create an interfacial dipole layer to modify 
the energy barrier between an indium tin oxide contact and the N,N’-diphenyl-N,N’-bis 
(1,1’-biphenyl)-4,4’-diamine organic semiconductor. Nuesch et al. [148] grafted molecules 
with different dipole moments onto indium tin oxide contacts to tris-(8-hydroxylquinoline) 
aluminium (Alq) and showed that the resulting shift in barrier energy was related to the 
direction of the surface dipole.
6.3   OPTICAL SURFACE POLARITY EFFECTS
In addition to the structural and electrical polarity effects discussed so far, a number of 
significant optical surface polarity related effects were observed in the 4 K photoluminescence 
(PL) spectra and room temperature reflectance spectra of hydrothermal ZnO. The results are 
presented here and discussed in terms of the spontaneous polarisation model.
6.3.1   4 K Photoluminescence Spectra
A systematic study was carried out into the influence of surface polarity on the PL of 
unintentionally doped hydrothermal and melt ZnO [149]. Three double-sided polished, c-axis 
wafers, which will be referred to as A1, A2, and A3, were cut to provide Zn-polar and O-polar 
samples from each wafer. These were also compared with samples from the Zn-polar and 
O-polar faces of melt grown, c-axis wafers from Cermet Inc. All wafers were 10 mm x 10 mm 
x 500 µm. The carrier concentration of the hydrothermal wafers were ~ 3 x 1014 cm-3 compared 
to (3 – 7) x 1016 cm-3 for the melt wafers.
PL spectra were measured at 4 K and a vacuum pressure of ~ 1 mTorr, using a liquid 
helium cooled, cold finger cryostat and the 325 nm line of a He-Cd laser. The penetration depth 
of the He-Cd laser is approximately 40 nm. The measurements were performed by doctoral 
student Paul Miller in the Department of Physics and Astronomy, University of Canterbury, 
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N.Z. Figure 6.9(a) shows a comparison of non-normalised PL from the Zn-polar and O-polar 
faces of wafer A1, using the same laser excitation intensity (30 mW) on both faces.
The dominant emission is from neutral donor bound excitons (denoted DOX) between 
3.3600 – 3.3628 eV, their two-electron satellites (TES), and longitudinal phonon replicas 
(energy separation ~ 72 meV). The PL from the two polar faces was very similar except for 
specific regions on either side of the DOX emission. Figure 6.9(b) shows the bound and free 
exciton PL of wafer A1 in more detail, with the most prominent features labeled using the line 
positions published by Meyer et al. [150]. Figures 6.9(c) and (d) show the corresponding PL 
spectra of wafers A2 and A3.
The dominant emissions in Figure 6.9(b), (c) and (d) are from neutral donor bound 
excitons I6 (3.3608 eV), I5 (3.3614), and I4 (3.3628 eV). I6 and I4 are due to Al and H donor 
impurities respectively, while I5 is as yet unassigned [150]. The relative strength of these 
emissions varies between wafers, perhaps due to variations in impurity concentration. More 
significantly, several consistent polarity dependent differences can be seen between 3.3640 eV 
and the band edge. In particular, emissions from both longitudinal and transverse free 
A–excitons, AT (3.3759 eV) and AL (3.3772 eV), are significantly stronger from the Zn-polar 
Figure 6.9: Non-normalised, 4 K photoluminescence spectra taken from the Zn-polar and O-polar faces 
of unintentionally doped hydrothermal, bulk, c-axis ZnO wafers.
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face, as are emissions from a triplet of recombination lines between 3.3725 and 3.3750 eV. The 
low binding energy line of this triplet is very close to I0 (3.3725 eV). In a recent publication, 
Meyer et al. [151] unambiguously (from magneto-optical behaviour) assigned I0 to an ionised 
donor bound exciton related to the I6/I6a (neutral Al donor) line. In Figures 6.9 (b), (c) and (d), 
there appears to be a correlation between the shape of the I6, I5, and I4 lines and the shape of 
this triplet (this is even more apparent in 4 K PL spectra taken on hydrothermal wafers annealed 
at 400 oC in O2 , not shown here). Therefore it is reasonable to assign the whole of the triplet 
between 3.3725 and 3.3750 eV as ionised donor bound exciton replicas of the neutral donor 
bound I6, I5, and I4 lines.
The presence of an increased number of ionised donors near the Zn-polar face is 
consistent with the spontaneous polarisation model (Figure 6.2), which requires extra positive 
charge from ionised donors to compensate the fixed, negative, spontaneous polarization charge 
on the Zn-polar face. The spontaneous polarisation model also predicts an inversion layer near 
the Zn-polar face of ‘low carrier concentration’ ZnO and it is tempting to suppose that this is 
the cause of the increased free exciton PL emission from the Zn-polar face of hydrothermal 
ZnO. Such an inversion layer is expected to contain a high density of holes which could form 
extra free excitons with electrons generated by the HeCd laser. However, this is much more 
speculative as no direct evidence of free holes near the Zn-polar surface has been found by 
variable field Hall effect measurements or by any other technique. Furthermore, since the PL 
measurements were carried out in medium vacuum conditions (~ 1 mbar), the ZnO surface 
(both Zn- and O-polar) will be hydroxyl terminated (Chapter 3) which will cause the near 
surface band bending to deviate from that predicted by the spontaneous polarisation model 
(Figure 6.2). In addition, it is not known whether atmospheric adsorbates (such as O2 and H2O) 
will be present at this pressure to further affect the near surface band bending.
Conversely, PL emission between 3.3640 and 3.3680 eV is significantly more intense on 
the O-polar face. Sasaki et al. [152] also reported increased emission from the O-polar face of 
hydrothermal, bulk ZnO over a similar range. No definite assignment has yet been made for 
emissions, such as the I3a line, that occur in this range. According to the spontaneous 
polarisation model, increased emission from the O-polar face could be due to excitons bound 
to ionised acceptors as these would help compensate the fixed positive charge expected on the 
O-polar face.
Figure 6.10 shows the PL from the Zn-polar and O-polar faces of melt ZnO wafers. These 
spectra have much weaker I5 and I4 lines and the appearance of donor bound emissions I9
(3.3567 eV) and I8 (3.3598 eV) which are assigned to In and Ga, respectively [150]. The 
strong polarity related effects observed in the hydrothermal wafers are either absent or much 
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smaller here. This is again consistent with the spontaneous polarisation model, which predicts 
smaller polarity related effects for higher carrier concentration ZnO material.
6.3.2   Reflectivity Spectra
Room temperature reflectivity spectra were measured, in atmospheric conditions, on 
Zn-polar and O-polar samples cut from the same double-sided polished hydrothermal, bulk, 
c-axis ZnO wafer, and compared to measurements made on the Zn-polar and O-polar faces of 
similar melt, single-sided polished, bulk, c-axis ZnO wafers. The measurements were made by 
doctoral student Martin Henseler in the Department of Physics and Astronomy, University of 
Canterbury, N.Z., using a 300 W Cermex UV Xenon-arc lamp and a Spec500 monochrometer. 
The Zn-polar and O-polar face samples were mounted together and alongside a silver reference 
mirror in a 45 degree geometry, reflecting the incoming light (modulated using a chopper 
wheel) into a vertically mounted Si-diode detector equipped with a lock-in amplifier. The 
reflectivity spectra are shown in Figure 6.11. A significant surface polarity effect was observed 
for hydrothermal ZnO, in that the reflectivity of the O-polar face at photon energies below ~ 
3.15 eV was significantly higher than that of the Zn-polar face. This same effect was not 
apparent in melt ZnO where the reflectivity spectra from the Zn-polar and O-polar faces were 
very similar. The fact that the polarity effect was only observed in the low carrier concentration, 
hydrothermal material suggests a possible spontaneous polarisation origin. It could be argued 
that the electron accumulation layer predicted by the spontaneous polarisation model on the 
O-polar face would be more reflective than the inversion region / depletion layer predicted for 
the Zn-polar face. However, this is speculative especially due to the fact that the measurements 
were performed in atmospheric conditions in which the ZnO surface is likely to be affected by 
atmospheric adsorbates.
Figure 6.10: Non-normalised, 4 K photoluminescence spectra taken from the Zn-polar and O-polar 
faces of an unintentionally doped melt, bulk, c-axis ZnO wafer.
136 CHAPTER 6 SURFACE POLARITY EFFECTS
6.4   SURFACE KELVIN PROBE MICROSCOPY (SKPM)
Surface Kelvin probe microscopy was used to determine the work function of the 
Zn-polar and O-polar surfaces of the same hydrothermal, bulk, c-axis ZnO wafer (n = 1 x 1014
cm-3). These measurements were made using a Digital Instruments 3100 Atomic Force 
Microscope, in dark conditions (with the exception of scattered light from the red AFM laser), 
at room temperature, and with the samples exposed to air.
SKPM is used to image the surface contact potential VS between a conducting AFM 
cantilever tip (in this case Au coated silicon) and the sample being studied. VS is defined as, 
(6.12)
where φAu (5.10eV) and φZnO (to be determined) are the work functions of the cantilever tip 
and the ZnO surface respectively. A topographic trace is first obtained with the cantilever tip 
in tapping AFM mode. The cantilever tip is then retraced in feedback mode at a constant height 
above the sample surface with which it forms a capacitor. During this retrace, a d.c. and a.c. 
bias voltage Vbias = Vdc + Vac sinωοt, is applied to the sample, where ωο is the resonant 
frequency of the cantilever. The cantilever is grounded and the a.c. voltage causes it to oscillate 
at the resonant frequency ωο and the second harmonic 2ωο . The force at ωο is given by,
Figure 6.11: Reflectivity spectra measured, at room temperature, from the Zn-polar and O-polar faces 
of hydrothermal and melt, bulk, c-axis ZnO wafers.
VS φAu φZnO–( ) q⁄=
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(6.13)
where C is the capacitance between the cantilever tip and the sample, and z is the tip – surface 
separation. The d.c. voltage is automatically adjusted and recorded, so as to minimise the 
oscillation of the cantilever. Provided z is held constant, this directly measures the surface 
contact potential VS.
In practice, there is a constant system dependent offset potential, φoffset , which can be 
determined by measuring VS on a clean Au calibration sample. In this case Equation (6.12)
becomes,
(6.14)
which can be rearranged to give the work function of the ZnO surface,
 . (6.15)
The surface band bending (∆φ) at the ZnO surface can be calculated using,
(6.16)
where χZnO is the electron affinity (~ 4.25 eV for ZnO) and ξ is the energy difference between 
the Fermi level and the conduction band minimum, which was ~ 0.27 eV for the hydrothermal 
wafer investigated.
Figure 6.12: (a) Surface contact potentials at different ‘cantilever tip – sample surface’ separations (z) 
measured using SKPM, in atmospheric conditions, on the Zn-polar and O-polar faces of the same 
double-sided polished, hydrothermal c-axis, bulk ZnO wafer (n = 1 x 1014 cm-3); and (b) calculated 
work functions for the Zn-polar and O-polar faces of the same hydrothermal wafer assuming a work 
function of 5.10 eV for a Au calibration sample.
F ωo( ) dCdz------– Vdc Vs–( )Vac ωo tsin[ ]=
VS φAu φZnO– φof fse t+( ) q⁄=
φZnO φAu qVs– φof fse t+( )=
∆φ φZnO χZnO– ξ–( )=
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Figure 6.12(a) shows the surface contact potential VS measured from SKPM images on 
the Zn-polar and O-polar faces of the hydrothermal, bulk, c-axis ZnO wafer for a range of 
cantilever tip – surface separations, z. The SKPM images were all uniform with no discernible 
features. Figure 6.12(a) also shows the offset potential φoffset from a thermally evaporated Au 
calibration sample, which was imaged before and after the ZnO measurements. 
Equation (6.15) was used to calculate the work function of the Zn-polar and O-polar surface 
for each z and this is shown in Figure 6.12(b). The mean work function was 4.52 [4.70] eV on 
the Zn-polar [O-polar] surfaces with little dependence on z. These work function values lie in 
between those published by Moormann et al. [57] using the vibrating gold wire (Kelvin) 
method on the Zn-polar (4.25 eV) and O-polar (4.95 eV) faces of ultra high vacuum cleaved, 
hexagonal vapour phase grown ZnO crystals. The same authors published a value of 4.64 eV 
for the m-plane face. The work function measured on the Zn-polar face is significantly lower 
than that on the O-polar face. 
A similar hydrothermal wafer was also sent to collaborators at Tel-Aviv University, Israel 
who used SKPM measurements in a nitrogen atmosphere to determine a similar 200 meV 
difference in work function between the Zn-polar (4.12 eV) and O-polar (4.32 eV) faces. The 
difference in the work function values for the Zn-polar and O-polar faces of hydrothermal ZnO 
measured here and at Tel-Aviv University may be a result of the different ambients used or due 
to a systematic error in the offset correction. Chevtchenko et al. [154] used SKPM to determine 
a work function difference of 110 meV between the Zn-polar and O-polar faces on melt ZnO 
(n = 4.5 x 1016 cm-3) from Cermet Inc., but interestingly they reported a higher work function 
on the Zn-polar face compared to the O-polar face.
A lower work function on the Zn-polar face is consistent with the lower Pauling 
electronegativity of zinc (1.65) compared to oxygen (3.44), but also indicates stronger 
downward band bending on the Zn-polar face which is not consistent with the predictions of 
the spontaneous polarisation model. However, it is consistent with the valence band XPS 
measurements described in Chapter 3 and analysed further here.
6.5   VALENCE BAND XPS MEASUREMENTS
In Chapter 3, a polarity effect was observed in the valence band maximum (VBM) – 
Fermi level (EF) separations determined by XPS measurements at a pressure of 1 x 10-8 mbar. 
Table 6.2 provides a summary of the valence band XPS measurements for hydrothermal and 
melt ZnO. The VBM – EF separation was systematically larger on the Zn-polar face compared 
to the O-polar face. This is equivalent to ~ 190 [120] meV stronger downward band bending 
on the Zn-polar face relative to the O-polar face for hydrothermal [melt] ZnO. The stronger 
downward band bending on the Zn-polar face is opposite to that predicted by the spontaneous 
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polarisation model (Figure 6.2), however it is important to remember that this model is based 
on the assumption of atomically clean, adsorbate free surfaces, whereas it has been established 
(Chapter 3) that both the Zn-polar and O-polar faces are terminated by a hydroxide layer which 
is not fully detached under high vacuum conditions. The presence of a stronger accumulation 
layer on the Zn-polar face is also contrary to the significantly higher barrier heights achieved 
for metal oxide Schottky contacts on the Zn-polar face compared to the O-polar face. However, 
as discussed in Chpater 4, it is likely that the hydroxide termination is removed in the formation 
of high quality Schottky contacts to ZnO.
Another significant surface polarity related effect occurs in the valence band XPS spectra 
of hydrothermal and melt ZnO, shown in Figure 6.13. The dominant emission in the valence 
band region is from peaks I (4.9 eV) and II (7.8 eV). The relative intensity of peaks I and II 
varies as a function of surface polarity. For valence band emission from the Zn-polar face, peak 
I is significantly more intense than peak II, while for the O-polar face peak II is marginally 
higher than peak I. Furthermore, the size of this polarity effect is very similar for hydrothermal 
and melt ZnO, which suggests that it may not be related to the spontaneous polarisation of ZnO. 
Significantly, the effect almost completely vanishes when the take-off angle of the analysed 
x-rays is changed from 90o to 30o with respect to the surface plane. X-rays with take-off angles 
of 30o originate from a near surface region approximately half as deep as that for 90o x-rays 
although, in this case, it may be more significant that the 90o x-rays are emitted parallel to any 
surface electric fields generated by either spontaneous polarisation, ionic, or chemical bonding 
dipoles. An almost identical effect was reported by Veal et al. [153] for the In-polar (0001) and 
N-polar (0001) faces of wurtzite InN grown by molecular beam epitaxy.
Table 6.2: Valence band maximum (VBM) – Fermi level (EF) separations determined from valence 
band XPS spectra and downward (negative) surface band bending assuming a ZnO band gap of 3.35 
eV (at RT) for hydrothermal and melt bulk ZnO. CBM – Fermi level energy differences of 0.27 eV and 
0.11 eV were assumed for the hydrothermal and melt ZnO material respectively.
ZnO Bulk Material Surface Polarity VBM – EF(eV)
surface band bending 
(eV)
Hydrothermal
Zn -polar 3.69 - 0.61
O - polar 3.50 - 0.42
m-plane 3.60 -0.52
Melt
Zn -polar 3.60 - 0.36
O - polar 3.48 - 0.24
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6.6   SUMMARY
Significant surface polarity effects appear to be commonplace in the structural, electrical, 
and optical properties of ZnO, particularly in the case of hydrothermal material as a 
consequence of its low bulk carrier concentration. On first impression, the polarity effects 
observed in Schottky contact barrier height and 4 K photoluminescence measurements appear 
to be in good agreement with the predictions of the spontaneous polarisation model, while 
other effects in surface morphology (from AFM), work function (from SKPM), and valence 
band maximum – Fermi level separation (from VBXPS) appear to be more difficult to explain 
using the same model. However, any comparison of these effects needs to be done with 
reference to the surface sensitivity of the measurement technique and also the surface 
conditions involved, particularly with regard to the presence or absence of surface adsorbates. 
Heiland and Kunstmann [11], as early as 1969, showed that depletion and accumulation layers 
could be induced on the Zn-polar and O-polar surfaces of vapour phase bulk ZnO crystals by 
Figure 6.13: Valence band XPS spectra of the Zn-polar, O-polar, and m-plane faces of hydrothermal 
and melt bulk ZnO wafers. Spectra (a), (b), and (c) were obtained from photoelectrons with a 90o
take-off angle with respect to the surface while spectra (d) was obtained room photoelectrons with a 
30o take-off angle.
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the adsorption of molecular oxygen and atomic hydrogen respectively. In Chapter 5, it was 
shown that a surface conduction layer could be activated when planar silver oxide Schottky 
diodes were taken from atmospheric to high vacuum conditions.
In light of this, the polarity effects observed in hydrothermal ZnO are summarised in 
Table 6.3 with particular emphasis on sampling depth and surface conditions.
Table 6.3: Summary of polarity-related effects observed between the Zn-polar and O-polar faces of 
hydrothermal, bulk, c-axis ZnO wafers.
Measurement Surface
Sensitivity
Surface Conditions Observed Polarity 
Effect
Proposed 
Explanation
Schottky contact 
barrier height 
from I-V and C-V 
measurements
depletion region 
~ 1 µm
atmospheric condi-
tions but surface 
underneath Schottky 
contact expected to 
be hydroxide free
~ 200 meV higher 
image-force-corrected 
homogeneous barrier 
heights on the 
Zn-polar face
additional surface 
band bending due to 
spontaneous polari-
sation induced dipole 
4K PL
(Photolumines-
cence)
~ 40 nm
medium vacuum, ~ 1 
mbar, presence of 
surface hydroxide 
termination, and pos-
sible presence of 
atmospheric adsor-
bates
significantly higher PL 
emission from free 
excitons and excitons 
bound to positively 
ionised donor impuri-
ties on the Zn-polar 
face.
presence of inversion 
layer and depletion 
region in response to 
fixed negative spon-
taneous polarisation 
charges on Zn-polar 
face.
Scanning Kelvin 
Probe Micros-
copy (SKPM)
immediate
surface
plane 
atmospheric condi-
tions, i.e. hydroxide 
termination + H2O 
and O2 atmospheric 
adsorbates.
work function ~ 200 
meV lower on 
Zn-polar face com-
pared to O-polar face.
lower electronegativ-
ity of Zn-polar sur-
face due to fixed 
negative spontaneous 
polarisation charges
Valance band 
x-ray photoemis-
sion spectros-
copy (VBXPS)
0.5 – 5 nm
high vacuum, ~10-8
mbar, presence of 
surface hydroxide 
termination but 
removal of atmo-
spheric adsorbates
accumulation layers 
on Zn-polar and 
O-polar face, down-
ward band bending ~ 
200 meV stronger on 
Zn-polar face.
heavier hydroxide 
induced accumula-
tion layer on 
Zn-polar face?
142 CHAPTER 6 SURFACE POLARITY EFFECTS
143
Chapter 7
Oxygen Vacancy Model
In this Chapter, the influence of oxygen vacancies on the formation of ZnO Schottky 
contacts is investigated. A defect model of Schottky barrier formation is proposed, in which 
the density of oxygen vacancies near the Schottky interface determines the degree of Fermi 
level pinning of the resulting Schottky contact. The Fermi level of a Schottky contact with a 
high density of interfacial oxygen vacancies (VO) is likely to be pinned close to the VO (+2, 0) 
defect level, at approximately 0.7 eV below the conduction band minimum. This may explain 
why the majority of reported ZnO Schottky barrier heights have been in the 0.6 – 0.8 eV range, 
regardless of the Schottky metal used [5, 8, 176].
7.1   INTRODUCTION
In Chapter 3, oxygen core-level and valence band XPS measurements showed that, in 
high vacuum conditions similar to those used in Schottky contact fabrication, the Zn-polar, 
O-polar, and m-plane faces of hydrothermal and melt ZnO are chemically terminated with a 
hydroxide layer, and at the same time are electrically characterised by an electron accumulation 
layer, which is strongest on the Zn-polar face. The removal of this hydroxide termination / 
accumulation layer is mandatory for Schottky barrier formation. Several theoretical and 
experimental studies have indicated that de-hydrogenation of the Zn-polar [O-polar] surface 
causes large scale reconstructions with the formation of a significant number of Zn [O] 
vacancies [40, 48]. Oxygen vacancies are also likely to be created by the deposition of metals 
onto the ZnO surface via metal oxidation reactions. 
The creation of oxygen vacancies is thought to play an important role in the fabrication 
of ohmic contacts to ZnO, for which the readily oxidised metals Ti [155] and Al [156] are 
commonly used. Kim et al. observed the formation of TiO, using XPS and XRD spectroscopy, 
in low resistance Ti/Al ohmic contacts, whose excellent ohmic properties were attributed to the 
creation of oxygen vacancies which caused a local increase in carrier concentration at the 
contact interface [155]. Although most Schottky contacts are made with noble metals of low 
reactivity, the observed improvement in metal Schottky contact performance with age and 
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annealing (especially in oxygen ambients) suggests that chemical reactions at the Schottky 
interface may play an important role. Schaeffer et al. [158] reported that the effective work 
function of platinum on hafnium dioxide (HfO2) can be reversibly modified by annealing in 
oxygen deficient or oxygen rich conditions, which is thought to be due to the creation or 
annihilation of interfacial oxygen vacancies. Robertson et al. [159] argued that the creation of 
positively charged oxygen vacancies were responsible for pinning of the effective Fermi level 
of high work function metals in HfO2 – metal gate contacts to Si FETs. The question here is 
whether a similar model can be applied to formation of Schottky contacts to ZnO.
7.2   OXYGEN VACANCY EXPERIMENT
As with any investigation into Schottky barrier formation, a useful starting point is the 
fabrication of a range of high work function metal contacts, preferably using the same 
deposition technique, onto the same semiconductor surface. In this experiment, Ni, Ir, Pd, and 
Pt Schottky contacts were fabricated by electron beam evaporation on the Zn-polar face of 
hydrothermal ZnO. The potential reactivity of these contact metals towards ZnO can be gauged 
from their metal oxide formation energy. Figure 7.1 shows the experimental free energy of 
metal oxide formation per oxygen atom (at 298 K) versus the metal work function for a number 
of common contact metals to ZnO [159]. (Note the low oxide formation energy for Ti and Al 
which are used in ohmic contacts to ZnO).
Figure 7.1: Standard free energy of metal oxide formation per oxygen atom versus metal work function 
for common contact metals to ZnO.
7.2   OXYGEN VACANCY EXPERIMENT 145
7.2.1   Schottky Contact Fabrication
Arrays of planar Ni, Ir, Pt, and silver oxide Schottky diodes were fabricated on the 
Zn-polar surface of a single hydrothermal, bulk, c-axis ZnO wafer (from Tokyo Denpa Co. 
Ltd). The room temperature carrier concentration (n) and mobility of this wafer were 1 x 1013
cm-3 and 210 cm2 V-1 s-1 respectively, from single field 0.51 T Hall effect measurements, using 
the van der Pauw technique. A separate array of planar Pd Schottky diodes was fabricated on 
the Zn-polar face of a similar hydrothermal wafer (n = 3 x 1014 cm-3) from the same 
manufacturer.
The Schottky contact fabrication technique was similar to that used for the metal Schottky 
contacts in Chapter 4: prior to contact deposition the as-received wafers were cleaned in 
ultrasonically agitated acetone followed by rinses in methanol and isopropyl alcohol. The 
cleaned Zn-polar ZnO surface was photolithographically patterned with circular contacts of 
diameter 300 µm. These were developed using tetramethyl ammonium hydroxide, rinsed in 
de-ionised water, and dried using N2 gas. The Ni, Ir, Pd, and Pt Schottky contacts were 
deposited by electron beam evaporation in a vacuum chamber at a base pressure of 10-5 mbar. 
The silver oxide Schottky contacts were deposited using the reactive r.f. sputtering technique 
described in Chapter 5 – with an r.f. power of 50 W r.m.s., Ar/O2 gas flow rates of 10.00 sccm 
and 1.70 sccm respectively, and a processing pressure of 4 x 10-3 mbar. Annular Ti/Al/Pt 
Ohmic contacts (50/100/30 nm) were fabricated around each Schottky contact at a separation 
of 25 µm, using e-beam evaporation.
7.2.2   I–V and C–V Characterisation
Figure 7.2(a) shows the typical I–V characteristics for the Ni, Ir, Pt, and silver oxide 
Schottky diodes, obtained in dark conditions and at room temperature (RT). A clear 
progression in rectifying behaviour was observed, from the Ni diodes which were ohmic in 
nature through to the silver oxide diodes which had greater than 7 orders of magnitude 
rectification at ± 2 V. Figure 7.2(c) shows the typical I–V characteristics for the Pd Schottky 
diodes, which had similar rectifying behaviour to the Ir diodes in Figure 7.2(a). The typical 
C–V characteristics of the Pt and silver oxide diodes, measured at a frequency of 20 kHz, are 
shown in Figure 7.2(b) and the corresponding C–V characteristics of the Pd diodes are shown 
in Figure 7.2(d). The I–V characteristics were used to extract the ideality factor (η) and 
effective barrier height (ΦB,I-V), while the built-in voltage (Vbi), and flat band barrier height 
(ΦB,C-V) were obtained from the C–V characteristics. The results for each Schottky ‘metal’ are 
shown in Table 7.1. Note: the values of ΦB,I-V have not been corrected for the image force 
lowering effect, but this would only result in an increase of ~ 10 meV in each case. 
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Only the silver oxide contacts formed low η barriers for which the barrier height 
determined from I–V and C–V measurements were in reasonable agreement. The Ir, Pd, and Pt 
contacts had  indicating that thermionic emission is no longer the dominant transport 
mechanism. High ideality factors are often attributed to laterally inhomogeneous contacts 
caused by non-uniformities in the Schottky interface, such as structural defects, surface 
contamination and variations in interface composition.
Figure 7.2: (a) Typical I–V characteristics, at RT, for Ni, Ir, Pt, and silver oxide Schottky diodes on the 
Zn-polar face of the same hydrothermally grown bulk ZnO wafer; (b) typical C–V characteristics, at RT, 
of the Pt and silver oxide diodes in (a); (c) typical I–V characteristics, at RT, for Pd Schottky diodes on 
the Zn-polar face of a similar wafer; and (d) typical C–V characteristics, at RT, of the Pd diode in (c).
η 2≥
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However, it is expected that ΦB,I-V < ΦB,C-V for inhomogeneous contacts, since the d.c. I–V
measurements are more sensitive to the lower barrier height 'patches' while the a.c. C–V 
measurements 'see' the average barrier height of the contact [28]. This is clearly not the case 
here, where the barrier height of the Pd and Pt contacts from I–V measurements were 
approximately 200 meV higher than those from C–V measurements. However, it is possible 
that the non-ideality is due to some form of more homogeneous defect distribution, such as that 
due to crystallographic point defects. Furthermore, the ΦB,I-V value of 0.57 eV for the Ir 
contacts here was much lower than the value of 1.00 eV obtained for ‘almost ideal’ (η < 1.01) 
Ir contacts in Chapter 4, indicating some form of strong Fermi level pinning. Klein et al. [157]
proposed that the Schottky barrier heights of polar bonded, wide band gap semiconductors, 
such as II-VI compounds, were more likely to experience Fermi level pinning from point 
defects than from MIGS, due to their relatively low defect formation energies and short MIGS 
decay lengths, compared to more covalent semiconductors.
7.2.3   Relationship Between ΦB and Metal Oxide Formation Energy
A comparison of the experimentally determined ΦB,I-V for the Ni, Ir, Pd, and Pt Schottky 
contacts in Table 7.1 and the free energy of metal oxide formation in Figure 7.1 shows a clear 
correlation, in that the Schottky barrier height of the metal contact increases with the free 
energy of formation of its metal oxide. Significantly, Ir, Pd, and Ni have similar work functions 
but Ni has a much lower metal oxide formation energy, which may be the cause of its ohmic 
behaviour. Metal oxide forming chemical reactions are likely to increase the density of oxygen 
vacancies (VO) at the Schottky interface. The intrinsic defects of ZnO have been the subject of 
Table 7.1: Schottky diode characteristics, at RT, for various Schottky 'metals' on the Zn-polar surface 
of hydrothermally grown, bulk ZnO [ideality factor (η) and barrier height (ΦB,I-V) from I–V
measurements; built-in potential (Vbi,C-V), barrier height (ΦB,C-V) and effective donor density (ND,C-V) 
from C–V measurements]. Uncertainties in ΦB,I-V and ΦB,C-V were ± 0.03 eV, averaged over 10 – 12 
devices.
Schottky 
Metal η
ΦB,I-V
(eV)
Vbi,C-V
(V)
ΦB,C-V
(eV)
ND,C-V
(cm-3)
Ni – – – – –
Ir 3.5 0.57 – – –
Pd 2.0 0.57 0.09 0.33 9 x 1014
Pt 2.0 0.72 0.28 0.61 5 x 1014
Silver Oxide 1.06 1.00 0.72 1.05 5 x 1014
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a number of recent first-principles studies; oxygen vacancies have been shown to have the 
lowest formation energy in the Zn-rich conditions often found during ZnO growth [160–167]. 
These studies have yielded values for the formation energy of a neutral oxygen vacancy, 
, in the 1.7 - 3.5 eV range, with respect to molecular oxygen. 
This formation energy is too high to generate a large number (N) of oxygen vacancies 
using the standard expression,
(7.1)
where ∆G is the formation energy and No is the bulk oxygen atomic density in ZnO. However, 
Robertson et al. [159] have described various mechanisms for the lowering of ∆G near HfO2 
– metal electrodes, which can be adapted to Schottky contacts to ZnO. Specifically, the 
creation of oxygen vacancies becomes energetically more favorable near a metal – ZnO 
interface via the chemical reaction (using Kröger-Vink notation),
(7.2)
which has a reaction energy of,
 . (7.3)
G1 can be considered to be the ‘effective’ formation energy of a neutral oxygen vacancy near 
the Schottky interface. The neutral oxygen vacancy is an F-centre, filled with two electrons 
which occupy a hydrogenic-like state in the band gap [166]. A number of first-principles
studies [3, 162, 167] have shown the oxygen vacancy to be a negative-U defect, in which 
ionisation to the doubly charged +2 state is energetically more favourable than to the +1 state. 
It is likely that neutral oxygen vacancies near the Schottky interface will be readily ionised, as 
the two electrons in the neutral vacancy level can gain an energy G2 by falling to the metal 
Fermi level,
/ (7.4)
which provides an energy gain,
(7.5)
where E[VO(+2,0)] is the energy level of the VO(+2,0) transition. The total energy for the 
formation of doubly ionised oxygen vacancies near the Schottky interface is Gtotal = G1 + G2, 
and if Gtotal < 0 then oxygen vacancy formation will be exothermic. In addition, it has been 
∆Gf VOX( )
N No ∆G– kT⁄( )exp=
OOX 1n--M VO
X 1
n--MOn+→+
G1 ∆Gf VOX( ) ∆Gf 1n--MOn  +=
VOX VO°° 2e+→
G2 qE VO 2– 0,( )[ ] EF–=
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suggested that a charged vacancy will be attracted by its image charge in the metal contact, 
further lowering Gtotal [159].
The position of E[VO(+2,0)] relative to the conduction band minimum (CBM) has been 
theoretically calculated as part of the ongoing debate into the source of the intrinsic n-type 
conductivity of ZnO. However, interpretation of the results of these first-principles studies, 
which are based on density functional theory (DFT) is not straightforward due to 
underestimation of the ZnO band gap, meaning that some form of correction has to be applied 
in order to calculate the position of defect states. Figure 7.3 shows recently published positions 
of the VO(+2,0) transition. It would appear that, despite the limitations of the DFT analysis, the 
consensus is that oxygen vacancies are deep, rather than shallow, donors with the energy level 
of the VO(+2,0) transition at approximately 0.7 ± 0.2 eV below the CBM [3, 161, 162, 164, 
168]. This is too deep to contribute significantly to the unintentional n-type conductivity of 
ZnO, but it is shallow enough to cause Fermi level pinning at ZnO interfaces. Significantly, 
most ZnO Schottky barrier heights reported in the literature are in the 0.6 – 0.8 eV range, with 
relatively high ideality factors.
7.2.4   Influence of Oxygen Vacancies on Schottky Contact Formation
Figure 7.4 shows a model of the influence of oxygen vacancies on Schottky contact 
formation to ZnO. Prior to contact formation, the bulk ZnO Fermi level EF lies at EC – ξ (ξ is 
typically ~ 0.3 eV for hydrothermal bulk ZnO) and the VO (+2,0) defect level is assumed to be 
at EC – 0.7 eV. The Fermi level of the metal is determined by its work function. On contact, 
Figure 7.3: Reported energy levels for the VO(+2,0) transition.
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electrons will flow from the semiconductor to the metal until both Fermi levels line up. In the 
case of ZnO, this electron flow can occur via three mechanisms:
1.   from the ZnO conduction band as in conventional Schottky-Mott theory;
2.   from the ionisation of intrinsic near surface oxygen vacancies; or
3.   from the creation and ionisation of extrinsic oxygen vacancies near the metal – 
ZnO interface, provided Gtotal is small or < 0. 
If the density of oxygen vacancies is sufficiently high, the ZnO Fermi level will be pinned 
close to the VO (+2,0) defect level and the depletion region will contain two distinct regions of 
positive space charge: region I – a narrow region of positively ionised oxygen vacancies close 
to the Schottky interface, and region II – the conventional space charge region due to shallow 
ionised donors. Region I is only likely to be a few atomic layers thick making it susceptible to 
electron tunneling which increases η. The total barrier height of the contact will be  ΦB = qVbi
+ ξ + γ , where γ is the band bending associated with region I. Due to the narrow width of region 
I and its close proximity to the Schottky metal, γ does not appear in the C–V measurements, 
explaining why  ΦB,I-V > ΦB,C-V for the Pd and Pt contacts.
Silver oxide Schottky contacts have η < 1.1 and ΦB,I-V ~ ΦB,C-V indicating that the ZnO 
Fermi level is unpinned. Silver oxide, already in an oxidised state, is unlikely to introduce 
extrinsic oxygen vacancies and the use of an Ar/O2 plasma in its fabrication may help passivate 
intrinsic vacancies near the Schottky interface. This may explain the success of silver oxide and 
other metal oxides in consistently producing high quality Schottky contacts to bulk ZnO.
Figure 7.4: Band diagrams showing the influence of oxygen vacancies on Schottky barrier formation to 
ZnO.
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7.3   SUMMARY
A relationship between the barrier height of Ni, Ir, Pd, and Pt Schottky contacts and the 
free energy of formation of the metal oxide has been found. This suggests that oxygen 
vacancies have a significant influence on the formation of Schottky contacts to ZnO. An 
‘oxygen vacancy model’ is proposed in which the density of oxygen vacancies near the 
Schottky interface determines the extent to which the ZnO Fermi level is pinned by the VO
(+2,0) defect level. The density of oxygen vacancies is a combination of the intrinsic VO
density of the ZnO material and additional vacancies created or removed by chemical reactions 
at the interface. A high interfacial VO density will cause the ZnO Fermi level to be pinned close 
to the VO (+2,0) defect level at ~ 0.7 eV below the conduction band minimum and create a 
narrow region of positive space charge close to the interface, increasing the non-ideality of the 
contact. This may explain why most reported ZnO barriers heights have been in the 0.6 – 0.8 
eV range with relatively high values of η and only a weak dependence on the metal used.
In Chapter 4 significant improvements in the rectifying performance of Ag and Ir contacts 
with age or post-fabrication annealing were observed and these may, in part, be due to the 
diffusion of ambient oxygen to the Schottky interface and subsequent VO annihilation. The 
literature reports of improvements in ZnO Schottky contact performance with pre-contact 
oxidation treatments, such as remote oxygen plasmas, ozone, and hydrogen peroxide, have 
been mainly attributed to the removal of surface carbon and hydroxide contamination, but the 
passivation of near surface intrinsic oxygen vacancies may also be important.
Finally, the oxygen vacancy model provides an explanation for the success of metal oxide 
Schottky contacts in consistently producing ‘almost ideal’ Schottky contacts to bulk ZnO. 
These are fabricated in reactive oxygen ambients which will naturally inhibit the formation of 
extrinsic oxygen vacancies while passivating intrinsic vacancies and those introduced by the 
removal of the surface hydroxide layer during the Schottky contact formation process.
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Chapter 8
Conclusions and Future Work
8.1   BACKGROUND
The aim of this thesis was to advance the understanding of Schottky contact formation to 
ZnO. Despite the fact that ZnO Schottky contacts have been studied since 1965 and are critical 
for many ZnO applications (e.g. UV photodiodes, high temperature power diodes, MESFETs), 
little is known about the mechanisms involved. Indeed, the fabrication of high quality Schottky 
contacts with reproducible figures of merit (i.e. effective barrier height ΦB and ideality factor 
η) has proved challenging with most historical reports of ΦB restricted to the 0.6 – 0.8 eV 
range, and relatively high (> 1.3) values of η.
In recent years, bulk single crystal ZnO wafers, grown by the hydrothermal and melt 
techniques, have become readily available from commercial suppliers. This provides 
consistent, high quality, baseline material which allows systematic studies of Schottky contact 
formation to be carried out, and results published by different authors to be meaningfully 
compared. In particular, hydrothermal ZnO is characterised by a low bulk carrier concentration 
(1013 – 1014 cm-3) which is theoretically advantageous for Schottky contact formation. 
However, even the use of hydrothermal ZnO with its high crystallinity, low surface roughness 
and low carrier concentration, has not lead to consistent reports of high quality Schottky 
contacts, and anecdotal evidence from other researchers suggests that Schottky contact 
fabrication on hydrothermal ZnO is more difficult than on less resistive ZnO material.
8.2   EXPERIMENTAL 
In this thesis, hydrothermal bulk ZnO wafers from Tokyo Denpa Co. Ltd. (Japan) and 
melt bulk ZnO wafers from Cermet Inc. (U.S.A.) were used to investigate the influence of 
contact composition, fabrication techniques, and surface polarity on the performance of 
Schottky contacts to ZnO.
At an early stage, it was discovered that the polarity of the ZnO surface has a significant 
influence on the properties of the resulting Schottky contacts [178, 179] and that the surface 
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polarity must be treated as an additional variable in any comparison of experimental results 
with theoretical models. Generally speaking, Schottky diodes fabricated on Zn-polar faces 
outperformed those on non-polar (m- and a-plane) and O-polar faces of the same wafer. It was 
also confirmed, using x-ray photoemission spectroscopy (XPS), that the polar and non-polar 
surfaces of hydrothermal and melt ZnO are naturally terminated by hydroxyl groups which 
generate a strong surface electron accumulation layer [173, 180]. Accumulation layers inhibit 
the formation of rectifying barriers, and literature reports of the effect of oxidation treatments 
on ZnO Schottky contact performance [45, 77, 83] have linked conversions from ohmic to 
Schottky behaviour to a reduction/removal of this surface hydroxide layer.
Literature reports of Schottky contacts to ZnO have involved the publication of single 
barrier height (ΦB) and ideality factor (η) results, often using different ZnO material and 
surface preparation methods. This makes it difficult to meaningfully compare the results of 
different authors, even for the same Schottky metal. The strategy employed in this thesis was 
to fabricate and characterise arrays of Schottky diodes for each type of Schottky contact 
studied. This allows a relationship between ΦB and η to be determined, from which the 
image-force-corrected barrier height for an ideal, homogeneous contact, , can be found 
and compared to theoretical predictions [26]. However, this still requires the fabrication of high 
quality contacts (η < ~ 1.2), otherwise the extrapolation of the ΦB versus η relationship to the 
image-force-controlled ideality factor (ηif) introduces a large uncertainty in the value of 
. 
Previously, the barrier heights of non-ideal Schottky contacts have been compared to the 
theoretical predictions of the Schottky – Mott, metal induced gap states (MIGS), and chemical 
bond polarisation (CBP) models [29, 170, 171]. This approach is not strictly valid as Schottky 
contacts with values of η greater than ηif are generally influenced by some form of barrier 
inhomogeneity or defect level pinning, whereas these theoretical models all assume ideal, 
defect free, and laterally homogeneous interfaces.
8.3   KEY FINDINGS
Values of  for Ag (0.74 eV), Au (0.85 eV), and Ir (1.00 eV) Schottky metals were 
determined from arrays of low ideality factor diodes on the Zn-polar face of hydrothermal bulk 
ZnO. These values can be meaningfully compared with theoretical models as they are 
representative of the fundamental rectifying properties of the metal–semiconductor contact, 
free of non-ideal processes and inhomogeneities which can artificially reduce the measured 
barrier height [26]. Unfortunately, values of  are only available for a few Schottky 
metals, which is a reflection on the difficultly in reproducibly fabricating high quality ZnO 
Schottky contacts using plain metals and conventional deposition techniques.
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Although good agreement between the Schottky – Mott model and the experimental 
 values for Au and Ir can be obtained, by assuming an electron affinity for ZnO of 4.25 
eV, this is far from conclusive as the same model predicts a  value for Pt of ~ 1.4 eV 
which is much higher than the literature reports for low ideality factor Pt Schottky contacts to 
ZnO [94].
The CBP model proposed by Tung [29, 30] does not provide a good fit to the experimental 
 results for any value of SΦ significantly below unity. The problem with the CBP model 
is that any Fermi level pinning at the Schottky interface is directed towards the middle of the 
band gap. For wide band gap semiconductors, such as ZnO and GaN, this is likely to result in 
predicted  values that are much higher than those experimentally observed [33].
Good agreement can be obtained with the MIGS model, by assuming that the charge 
neutrality level (or branch point energy) for ZnO is significantly lower in the band gap than the 
only available experimental value [0.3 eV below the conduction band minimum (CBM)], 
published by Mönch [35]. Theorerical branch point energies for other II-VI semiconductors 
have been calculated using the empirical tight binding approach [33, 34] and are 1.2 – 1.6 eV 
below the respective CBM. No theoretical value for the branch point energy of ZnO is 
presently available.
In the seminal achievement of this thesis, a metal oxide fabrication technique was 
developed for the consistent production of high quality Schottky contacts with reproducibly 
high barrier heights and low ideality factors. This technique involves the deposition of metal 
oxide films in a reactive oxygen ambient and has been successfully demonstrated for silver and 
copper oxides using reactive r.f. sputtering, and for iridium and platinum oxides using reactive 
eclipse pulsed laser deposition. The success of this technique is thought to be due to the 
presence of active oxygen species during the deposition process which results in a combination 
of the following beneficial effects:
1)   removal of the hydroxide termination from the ZnO surface and the associ-
ated accumulation layer which inhibits the formation of rectifying barriers;
2)   passivation of intrinsic near surface oxygen vacancies and prevention of 
extrinsic oxygen vacancy formation during the contact deposition process, 
which would otherwise tend to pin the ZnO Fermi level near the VO(+2,0) 
defect level at ~ 0.7 eV;
3)   promotion of polarised metal – oxygen bonds at the Schottky interface 
which provides an additional electric dipole contribution to the height of the 
Schottky barrier; and
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4)   production of metal oxide species which increase the work function of the 
Schottky contact.
In general, these metal oxide Schottky contacts were found to be metal rich with atomic 
oxygen contents, from XPS measurements, significantly lower than those expected for 
stoichiometric oxides. Valence band XPS measurements also showed a continuous density of 
states up to the Fermi level indicating that these metal oxides all have a metallic-like nature.
Values of  for vertical geometry iridium oxide (1.16 eV), silver oxide (1.21 eV), 
and platinum oxide (1.23 eV) Schottky diodes were determined for the Zn-polar face of 
hydrothermal ZnO, which are significantly higher than their plain metal counterparts; Ir (1.00 
eV) and Ag (0.74 eV). This is thought to be due to a combination of the effects of 3) and 4) in 
the above list. Significantly, these high quality metal oxide Schottky contacts could be 
consistently reproduced on many additional hydrothermal wafers, often with close to 100% 
device yields, something that has not been achieved with plain metals.
The significantly lower reproducibility of plain metal Schottky contacts is thought to be 
linked to either a failure to completely remove the surface hydroxide termination and/or the 
creation of interfacial oxygen vacancies during the metal deposition. The most dramatic 
example of this lack of reproducibility came from the fabrication of Au Schottky contacts (by 
thermal evaporation in high vacuum conditions) on the Zn-polar face of hydrothermal bulk 
ZnO wafers. Most attempts yielded contacts with pure ohmic behaviour, while in one instance 
a high yield of almost ideal Schottky diodes (η < 1.04) was obtained. Since Au has the highest 
oxide formation energy of any known metal (all forms of gold oxide are energetically 
unstable), it is unlikely that the creation of oxygen vacancies is responsible for this pure ohmic 
behaviour. It is more likely that for the ohmic Au contacts, the hydroxide termination remained 
intact and the local increase in carrier concentration from the associated accumulation layer 
allows current to tunnel directly across the interface.
Evidence for the influence of oxygen vacancies was found for metals such as Ni, Ir, Pd, 
and Pt which have lower metal oxide formation energies than Au. A relationship between the 
barrier heights of diodes fabricated using these Schottky metals and the free energy of 
formation of their metal oxide was found, suggesting that the creation of oxygen vacancies 
during contact deposition has a significant influence on Schottky barrier formation.
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Two key prerequisites have emerged, from the findings in this thesis, for the formation of 
high quality Schottky contacts to ZnO. These are:
1)   removal of the hydroxide termination / accumulation layer which naturally 
occurs on the ZnO surface; and
2)   minimisation of the density of oxygen vacancy defects (VO) near the 
Schottky interface: this is a sum of the intrinsic defects present in the ZnO 
material and additional vacancies introduced by the contact fabrication pro-
cess.
Schottky contacts in which the hydroxide termination / accumulation layer is not removed 
are likely to be ohmic in nature, while partial removal will result in poor rectifying performance 
[45, 77, 83]. A high density of oxygen vacancies near the Schottky interface will tend to pin 
the ZnO Fermi level close to the VO(+2,0) defect level at approximately 0.7 eV below the CBM 
[172]. This will restrict the barrier height of the resulting contacts to the 0.6 – 0.8 eV range 
commonly observed in the literature and cause a significant increase in ideality factor. The 
success of metal oxide fabrication techniques in consistently producing high quality Schottky 
contacts can be explained by the presence of reactive oxygen species which are efficient 
hydrogen scavengers [prerequisite (1)] and which may cause a reduction in both intrinsic and 
extrinsic oxygen vacancies [prerequisite (2)]. Schottky contact fabrication using plain metals 
relies on the kinetic energy of the incident metal particles to remove the hydroxide layer and 
the creation of extrinsic oxygen vacancies is much more likely due to metal oxidation reactions 
at the Schottky interface.
8.5   SURFACE POLARITY EFFECTS
Surface polarity related effects were observed in the structural, electrical, and optical 
properties of bulk ZnO. In general, these effects were significantly larger for hydrothermal 
ZnO. This is thought to be a result of the low carrier concentration of this material, in which 
the number of mobile charge carriers is insufficient to screen the large internal electric fields 
created by either (a) the large spontaneous polarisation of ZnO, or (b) the highly ionic nature 
of the Zn–O bond.
In particular, previously unreported polarity related effects were observed in the low 
temperature (4 K) photoluminescence (PL) [149] and the valence band x-ray photoemission 
spectra, which provide new non-destructive methods of polarity determination.
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Low ideality factor Schottky contacts were obtained on the Zn-polar, O-polar and 
non-polar faces of hydrothermal and melt ZnO using the metal oxide fabrication technique. 
However, the resulting values of  were consistently higher on the Zn-polar face 
compared to the O-polar face, with intermediate values obtained on the non-polar faces. The 
polarity effect was largest for hydrothermal ZnO with 200 – 250 meV higher values of  
on the Zn-polar face relative to the O-polar face for silver oxide, iridium oxide, and platinum 
oxide Schottky contacts.
The PL and Schottky barrier height effects are consistent with the large spontaneous 
polarisation of ZnO, which is predicted to produce fixed negative [positive] spontaneous 
polarisation charges on the Zn-polar [O-polar] face. The Schottky barrier height effect is 
thought to be due to the additional upward [downward] band bending on the Zn-polar [O-polar] 
face, in response to these fixed spontaneous polarisation charges. The PL effect – increased 
emission from free excitons and excitons bound to positively ionised donors on the Zn-polar 
face of hydrothermal ZnO – may be due to strong, spontaneous polarisation induced, inversion 
and depletion regions [149].
8.6   FUTURE WORK
8.6.1   Experimental
Valence band XPS was used in Chapter 2 to quantify the band bending associated with 
the accumulation layers on the hydroxyl covered Zn-polar, O-polar and m-plane faces of 
hydrothermal and melt ZnO. These measurements should be repeated after removal of the 
hydroxide layer, e.g. by in-situ oxygen plasma treatment, to determine the Fermi levels of the 
hydroxyl free Zn-polar, O-polar and m-plane surfaces.
There is a need for experimental values of  for additional Schottky metals, such as 
Pt, Pd, Ge, Cu etc., especially on the Zn-polar face of hydrothermal ZnO, so that a stronger 
comparison with the Schottky – Mott and MIGS models can be made. Similarly, although 
values of  were experimentally determined for silver oxide, iridium oxide, and platinum 
oxide contacts, on both the Zn-polar and O-polar faces of hydrothermal ZnO, the work function 
of these ‘metal rich’ metal oxide films is not known. Work function measurements could be 
made, for example using scanning probe Kelvin microscopy, which would allow these values 
of  to be included in the comparison with theory.
The metal oxide fabrication technique presented in this thesis represents a significant step 
towards a reliable contact technology for the development of ZnO based devices. Researchers 
at the University of Leipzig, Germany, have recently used the published technique for the 
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fabrication of silver oxide Schottky contacts [173], to produce ZnO MESFETs with the n-type 
channel conductivity tunable over 8 orders of magnitude [174]. However, transmission 
electron microscopy images of silver oxide contacts [175] revealed the presence of a 
significant density of voids. The metal oxide Schottky contacts presented in this thesis were 
fabricated on unheated ZnO wafers and in-situ substrate heating during contact deposition is 
likely to result in improved film morphology and consequently improved device performance, 
particularly in the area of reverse breakdown voltage.
The metal oxide Schottky contact fabrication technology should also allow the realisation 
of high performance ZnO based UV photodetectors, power diodes, and MESFETs capable of 
operation in high temperature environments. 
8.6.2   Theoretical
There is an obvious need for a theoretical value for the branch point energy of ZnO, which 
would significantly improve the predictions of the MIGS model for ZnO. First principles 
calculations of the valence band density of states for the Zn-polar and O-polar faces would also 
be useful in explaining the observed polarity related effects in the valence band XPS spectra of 
ZnO. Finally, the spontaneous polarisation model for ZnO presented in Chapter 6 could be 
usefully extended by application of the Poisson equation and/or the Poisson–Schrödinger 
equation to quantify the extent of the induced band bending and surface states on the Zn-polar 
and O-polar faces.
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